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Abstract
Acute Myeloid Leukemia (AML) is the most poorly treated subtype of leukemia,
suffering from dated chemotherapeutic regimens and poor long-term survival rates. New
therapies are needed for this aggressive disorder. Epigenetic inhibitors targeting G9a/GLP,
crucial histone methyltransferases for AML progression, are a promising avenue for
treatment. Unfortunately, one of the most potent small molecule inhibitors of these enzymes,
UNC0642, suffers from dose-limiting toxicities. It was hypothesized that encapsulation of
UNC0642 in liposomal nanoparticles would help attenuate these toxicities, better control
drug release and biodistribution of the small molecule, and ultimately enable the therapeutic
use of UNC0642.
The work presented here demonstrates that UNC0642 can be successfully loaded
within liposomal systems composed of DSPC/Cholesterol or POPC/Cholesterol to a
maximum drug:lipid ratio of 0.2. These particles show stable drug release patterns, which
may be due to precipitation of the drug within the nanoparticle interior as observed using
cryo-TEM. Furthermore, the particles exhibit a dose-dependent uptake into HoxA9/Meis1
AML cells in vitro and an anti-proliferative effect that is 10-times lower than the free drug in
cell culture. When injected in a single dose tolerability study using healthy C57Bl/6 mice,
liposomal encapsulation is shown to completely abolish the acute toxicity associated with
free UNC0642 injection. Even at doses 8-times higher than the maximum tolerated dose of
the free small molecule, minimal toxicity is observed for liposomal UNC0642. In addition,
no major signs of chronic toxicity are observed when the encapsulated drug is injected in a
multiple-dose regimen (2 injections/week for 4 weeks), as determined by detailed clinical
iii

scoring of animal health, body weight, and blood chemistry. These reductions in acute and
chronic toxicity are attributed to the nanoparticle carriers’ ability to alter the biodistribution
of the drug and prevent exposure of the nervous system to UNC0642.
The data presented in this thesis form the basis of a promising and novel therapeutic
strategy for treatment of AML through epigenetic inhibition. These systems are well suited
for pre-clinical studies in animal models of disease and offer an easily modifiable
nanoparticle carrier for tuning biodistribution and drug release to better treat this aggressive
form of leukemia.
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Lay Summary
Acute Myeloid Leukemia (AML) is a form of cancer originating from the body’s
blood cells and is very poorly treated at present. However, a novel way of combatting AML
has been discovered. This method uses drugs that prevent the growth and spread of leukemic
cells by inhibiting the function of DNA-modifying proteins crucial to leukemic cell function.
One of these drugs, UNC0642, is well suited to treating cancer cells in a laboratory setting
but has adverse side effect when injected. To address these side effects, we loaded the drugs
into nanoparticle carriers called liposomes. In this study, we demonstrate an efficient way of
making UNC0642-loaded liposomes, study their structure, and ultimately determine that they
can effectively nullify the toxicity associated with the free drug in animal models. Overall,
these nanoparticles are a promising step forward towards the development of a new and
effective treatment for AML.
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Preface
Formulation of all nanoparticles, loading with UNC0642, and subsequent in vitro
characterization, including sizing and drug release studies, were performed by myself.
UNC0642-LNP samples imaged using cryo-TEM imaging were prepared by myself and
imaged by Dr. Jayesh Kulkarni with the assistance of the UBC BioImaging Facility. Cell
culture experiments and in vivo tolerability studies, including both single and multiple-dose
experiments, were performed by myself and Phuong Nguyen in collaboration with the lab of
Dr. Fabio Rossi. FACS analysis for particle uptake experiments was performed with the
assistance of Dr. Genc Basha. Quantification of blood biomarkers was performed by Idexx
Reference Laboratories (Delta, BC).
I was responsible for the experimental design of UNC0642-LNP preparation and
characterization with assistance and contributions from Drs. Yuen Yi C. Tam, Sam Chen,
Ying Tam, Jayesh Kulkarni, Genc Basha, and Ms. Nisha Chander. Experimental design for
cell culture and in vivo experiments was performed by myself and Phuong Nguyen in
collaboration with the lab of Dr. Fabio Rossi, with assistance, input, and feedback of the
above-mentioned individuals. All data analysis was performed by myself.
All chapters of this thesis were prepared and written by myself. Drs. Pieter Cullis,
Sam Chen, Yuen Yi C. Tam, and Jayesh Kulkarni were involved in editing various iterations
and sections of this thesis.
All work and procedures involving animals presented in this dissertation have been
approved by the Animal Care Committee at The University of British Columbia and were
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performed in accordance with guidelines established by the Canadian Council on Animal
Care.
Animal Care and Ethics Protocol: A16-0275.
Online Animal Care Training Program Certificate Number: 6861-14
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Chapter 1: Introduction
1.1 Liposomal nanoparticles for small molecule encapsulation
1.1.1 Overview of lipid nanoparticle technology
Lipid nanoparticles (LNP) encompass a diverse class of sub-micron scale carriers that
have seen a rapid expansion in design and application since their original discovery in the
1960s. From humble beginnings in model membrane studies, lipid nanoparticles have
evolved into sophisticated systems with numerous applications in the medical field and
beyond. Numerous FDA-approved drugs utilize LNP technology, with many more in various
stages of clinical trials. Though a complex range of LNP have been developed, each with a
unique structure and capable of delivering distinct therapeutic payloads, the first developed
and best characterized are liposomal carriers. Such systems are composed of one or more
spherically aligned lipid bilayers surrounding an aqueous core. Liposomal bilayers are
comprised of various mixtures of natural and/or synthetic lipids, the exact ratio of which can
be modulated to obtain physiochemical properties in line with the desired application of the
formulation. For example, lipid composition has been shown to affect important
pharmacological properties such as pharmacokinetics and biodistribution, as discussed in the
following sections. In addition to lipid composition, modification of the internal aqueous
compartment relative to the external environment can produce important characteristics
aiding in encapsulation of a variety of small molecules. Once prepared, liposomal
nanoparticles offer unique advantages for drug delivery, including protecting encapsulated
therapeutics from degradation, altering biodistribution and circulation halftimes of their
payloads upon injection, and helping to decrease toxic side effects of free drugs upon
1

injection. Numerous lipid-based therapeutics have been approved for use by the FDA across
a variety of applications (see Table 1).
Table 1. Overview of lipid-based therapeutics approved by the FDA.
Product Name

Encapsulated Agent

Doxil

Doxorubicin

Abelcet
DaunoXome
Amphotec
Ambisome
Depocyt

Amphotericin B
Daunorubicin
Amphotericin B
Amphotericin B
Cytarabine

Myocet

Doxorubicin

Visudyne

Verteporfin

Mepact

Mifamurtide

DepoDur
Exparel
Marqibo

Morphine
Bupivacaine
Vincristine

Onivyde

Vincrisitne

Vyxeos

Cytarabine and
Daunorubicin

Indication

AIDS-related kaposi’s
sarcoma, ovarian, and breast
cancer
Fungal infection
Aids-related kaposi’s sarcoma
Fungal infection
Fungal infection
Neoplastic meningitis
Breast cancer
(combination therapy)
Macular degeneration with
subfoveal choroidal
neovascularization
Osteosarcoma
(combination therapy)
Analgesic
Regional analgesic
Acute lymphoblastic leukemia
Metastatic pancreatic cancer
(combination therapy)
Acute myeloid leukemia

Year of
Approval

1995
1995
1996
1996
1997
1999
2000
2000
2004
2004
2011
2012
2015
2017

1.1.2 History of liposomal nanoparticle development
The first documented precursor to modern liposomes was presented in a study by
Bangham and Horne in 1964, in which dispersions of lecithin were observed to form multilamellar structures comprised of concentric rings of lipid bilayers. These rings were referred
to as multilamellar smectic mesophases 1,2. Following their discovery, key qualities of these
2

dispersions were established that would lay the groundwork for the utility of modern day
liposomes. These qualities included the ability of the structures to maintain ion gradients
across their membranes, which could be disrupted upon the introduction of detergents 3,4. As
interest in these structures grew, they were formally classified as “liposomes”, defined as
single or multilamellar microscopic vesicles comprised of one or more lipid bilayer 2,5. In
order to generate reproducible liposomes, major strides were made in refining their
production and structure. It was found that sonication of multilamellar dispersions resulted in
the formation of more uniform, unilamellar liposomes 6. Shortly after, it was found that
similar unilamellar structures could also be generated through rapid injection of an ethanolic
lipid solution into buffer 7. These were some of the first steps towards the production of
monodisperse liposome populations with uniform and consistent properties, a key feature for
their future therapeutic applications.
A crucial functionality of these systems was established by Gregoriadis and Ryman in
1971, who showed that liposomes were capable of encapsulating therapeutic agents 8.
Specifically, they encapsulated the proteins amyloglucosidase and albumin and showed
stable retention of these payloads upon injection into animals. Once this precedent was set,
further discoveries concerning the loading of therapeutics into liposomes were made, with
encapsulation of actinomycin D and penicillin demonstrated in 1973 9. This study also noted
the ability of liposomes to alter the pharmacokinetics of injected molecules, with entrapped
penicillin showing approximately 10-fold higher plasma concentrations compared to free
penicillin 60 minutes post injection. The entrapped penicillin showed a notable increase in
blood circulation time as well as a greater biodistribution to the liver and kidney compared to
the free drug. These early studies helped to establish that liposomes could be used alter and
3

control a therapeutic agent’s bioavailability and pharmacokinetic properties. In the following
years, many further demonstrations of drug encapsulation were documented, along with clear
evidence of altered biodistribution. Kimelberg et al. encapsulated the chemotherapeutic and
anti-inflammatory agent methotrexate into positively charged liposomes and showed a 100fold increase in circulating drug 4 hours post injection 10. This study demonstrated two key
features of liposomes. First, encapsulation prevented degradation of the drug upon
introduction to the bloodstream. Second, the size of the liposomes affected their
pharmacokinetic properties, with larger particles showing only a 6-fold increase in plasma
methotrexate relative to free drug injection, while smaller particles showed a 100-fold
increase.
Further discoveries identifying fundamental properties of liposomes that would later
turn out to be vital in their application to drug delivery were made in the years following.
The effect of changing liposome lipid composition on their uptake into cells was shown in
1976 by Poste and Papahadjopoulos 11. This work showed that varying the degree of
saturation of the component lipids determined not only the total level of particle uptake into
the cells but also the route through which they were taken up. Specifically, lipid
compositions including more saturated species that raised the phase transition temperature of
the mixture above 37 °C (referred to as solid lipid vessels) showed uptake via endocytic
pathways. In contrast, “fluid” vessels with transition temperatures below 37 °C showed
uptake via non-endocytic pathways. Though this study only considered in vitro uptake of
particles, similar observation were soon made in vivo 12. This study also indicated the
growing interest in the application of liposomes to improving chemotherapeutic treatment,
with demonstrated encapsulation of vinblastine, actinomycin D, cytosine arabinoside, and
4

daunomycin. In the following years, many groups focused on the benefits of encapsulating
chemotherapeutics within liposomes, with increased pre-clinical efficacy and decreased
toxicity arising as general outcomes for many drugs. Some of the first demonstrations of
increased efficacy was shown in 1975 and 1976, where encapsulated cytarabine was shown
to be significantly more effective than the free drug in treating leukemic mice 13,14. These
promising initial studies in the field of chemotherapeutic encapsulation paved the way for the
first FDA approved liposomal therapeutic: Doxil 15. Composed of liposome-encapsulated
doxorubicin, Doxil was approved in 1995 for the treatment of AIDS-related kaposi’s
sarcoma and ovarian cancer. Since then, over 14 liposomal therapeutics have been approved
for use in humans across a wide variety of applications (see Table 1).

1.1.3 Liposome production
The first unilamellar liposomes were generated by dissolving their components in
chloroform or a similarly volatile solvent and then drying this mixture on a glass surface to
produce a thin lipid film. This film was then hydrated under rapid mixing to cause swelling
of the film and spontaneous formation of multilamellar vesicles (MLV) due to the
amphipathic nature of the lipid components. Though these MLV were originally useful as
model membranes (see Section 1.1.2 History of liposomal nanoparticle development), their
lack of uniformity and reproducibility made them poorly suited to any therapeutic
application. As such, there have been many advances in optimizing the production of
liposomes, with modern day methods enabling tight control over final liposome size and
uniformity.

5

Initially, unilamellar liposomes were made from MLV with the use of sonication
(ultrasonic irradiation). Though this method of generating small unilamellar vesicles (SUV)
allows for control over particle lamellarity, the size range of the vesicles produced is
typically very broad, ranging from 20-150 nm 16. To address this problem, size exclusion
chromatography was originally used to isolate a subpopulation of the particles with a
particular diameter 17,18. However, only a small percent of the original MLV are successfully
converted into the target SUV, with those outside the target size distribution filtered out and
discarded. In addition to the poor overall yield, size exclusion chromatography results in
significant dilution of the sample generated, requiring a time consuming concentration step
16

. Differential high-speed centrifugation has been used to avoid size exclusion

chromatography and serves as a far more efficient method of isolating the desired SUV. This
technique offers improvements in the time investment necessary and also provides better
separation of the various subpopulations of SUV and MLV 16. In spite of the improvements
in post-sonication processing, there are major shortcomings associated with the sonication
step itself. Firstly, since sonication relies on mechanical disruption of MLV to form SUV,
there is an inherent generation of heat during the process that can lead to lipid degradation.
Secondly, if probe tip sonicators are used, samples can become contaminated with metals
sloughed from the probe during extended use 19. Finally, and perhaps most importantly,
sonication is unable to produce a monodisperse population of SUV directly and requires the
use of post-processing steps as previously detailed.
An alternative method of size reducing MLV to liposomes of a controlled diameter,
which also relies on mechanical dispersion, is homogenization. Early approaches to this
technique utilized a French Press to force MLV suspensions through a single small aperture
6

under high pressure, producing sufficient forces to break MLV into consistently sized SUV
20

. To address the volume limitations of this initial technique (approximately 1-40 mL), a

variation on the concept was designed in the form of microemulsificaiton 21. This process
also relies on high pressure to size reduce MLV to liposomes but separates the sample into
multiple streams using microfluidic channels. These streams are ultimately brought back
together in a controlled collision with one another inside an interaction chamber, generating
turbulent forces sufficient to break apart MLV into smaller liposomes. The resulting samples
are then cycled continuously back through the apparatus for a set number of passes allowing
for thorough size reduction. A variation on this concept, relying on similar high pressure size
reduction, employs a single sample stream ejected from an aperture at high speed before
collision with a metal surface within the interaction chamber 22. Regardless of the collision
technique, these forms of homogenization are compatible with large sample volumes (>50
mL) and sterile preparation conditions 23.
Despite the advances made in the homogenization techniques, one of the most widely
used methods of MLV size reduction is extrusion. The concept relies on forcing samples
through polycarbonate membranes containing pores of controlled diameter, a process that is
repeated for a number of passes. Initially demonstrated by Olson et al. in 1979, the first
iterations of this technique used very low pressures and required multiple passes through
membranes of consecutively decreasing pore size 24. Major improvements were made with
the invention of a custom-built device allowing for extrusion at increased pressures by Hope
et al. in 1985 25. Later brought to market as the Lipex Extruder, this device allowed for
reliable size reduction of MLV preparations into unilamellar liposomes at rapid timescales
without the need of organic solvents. Furthermore, it allowed for control over particle size
7

through variation of the pore diameter of the polycarbonate membranes used, allowing for
generation of liposomes from 30-400 nm 26. The high pressures enabled by the extruder are
key to the success of the technique, as mechanistic studies have shown that samples must
reach a certain pressure threshold before they are able to pass through the polycarbonate
membrane pores. This threshold is dependent on the lipid composition used and represents
the minimum pressure necessary to induce rupture of the bilayers present in the MLV
processed 27,28. Importantly, these studies showed that extruded MLV undergo rupture and
reformation of their bilayers as opposed to only deformation when passing through
membrane pores.
To further improve uniformity, pre-formed MLV can also be converted into
liposomes expressing higher internal volumes (and thus decrease multilamellarity) using
freeze-thaw techniques. This method employs repeated cycles of freezing the MLV sample
using liquid nitrogen and then quickly thawing it at 40 °C 29. Particles generated in this way
are often not completely unilamellar and exhibit a vesicle within vesicle structure. This
method is often used in combination with other techniques, such as extrusion, to generate
uniform unilamellar liposomes.
The above described techniques for liposome preparation rely on mechanical
disruption of previously prepared (or pre-formed) MLV systems. However, several alternate
processes relying on the combination of aqueous and organic solutions to generate liposomes
have also been developed. These techniques allow for the direct production of unilamellar
systems, without the need of separate MLV production and size reduction steps.
The first reported method of aqueous/organic mixture production was published by
Batzri and Korn in 1973 7. Here, lipid components dissolved in ethanol were rapidly injected
8

into an aqueous buffer solution (KCl). Due to the rapid increase in solvent polarity upon
mixing, the component lipids spontaneously arrange into liposomes of small size (~26 nm).
This was the first step in the development of numerous organic/aqueous mixture techniques
and offered a valid alternative to sonication, the only other method of liposome preparation
at the time. Unlike sonication, no degradative stresses were placed on the lipid components
and there was no risk of metal contamination. However, the method offered little control
over the size of particles generated. In fact, the relatively small liposomes made using this
technique showed low entrapped volumes and high degrees of membrane curvature, which
would later be shown to be highly undesirable when preparing liposomes for drug delivery
purposes 30.
Improvements have been made on this initial method through introducing water to a
concentrated ethanol stock of lipid components followed by rotary evaporation to eliminate
the ethanol component. Additionally, modification of the ethanol:water ratio used during the
initial combination step allowed for control over generated particle size. By decreasing the
percent ethanol within the range of 60% to 20%, the method was able to generate particles
between 1280 nm to 160 nm in diameter. A similar production method, reverse phase
evaporation, was developed in 1978 by Szoka and Papahadjopoulos 31. Using this method,
lipids were initially dissolved in organic solvents with relatively poor water miscibility
(ethyl-ether, isopropyl-ether, halothane, or trifluorotrichloroethane) prior to the addition of
aqueous solution. The mixture is sonicated to form an emulsion and then rotary evaporated to
gradually remove the organic phase. This leads to the production of a gel that, upon agitation
and/or dilution with additional aqueous buffer, converts into a liposome suspension. The
proposed mechanism behind this technique is that sonication of the aqueous/organic mixture
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generates inverted micelles composed of phospholipids surrounding an aqueous core. As the
organic solvent is removed, these inverted micelles cluster closer and closer together,
beginning the formation of the aforementioned gel. At a critical organic:aqueous solvent
threshold, a certain percentage of the inverted micelles collapse and their lipophilic
components reform around the remaining inverted micelles to form bilayers, thus producing
unilamellar liposomes 32. This technique offers several advantages, including that much of
the organic solvent is removed during rotary evaporation and thus requiring limited, if any,
dialysis to eliminate residual solvent. Secondly, it allows for high encapsulation efficiencies
of numerous compounds simply by introducing them to the aqueous buffer prior to its initial
mixing with the organic phase. Encapsulation efficiencies of up to ~60% were obtained for
carboxyfluorescin and cytarabine, with entrapment of other compounds possible but at lower
levels 31.
Liposomes can also be prepared with the aid of detergents. Generally, these
techniques rely on solubilizing lipid components within mixed detergent micelles followed
by gradual removal of the detergent to promote liposome formation. The composition and
physiochemical properties of the detergents utilized impact the resulting particles generated,
with important considerations being those impacting their critical micelle concentration
(CMC). Detergents and lipophilic components may initially be combined in organic solvents,
rotary evaporated to produce a detergent/lipid film, and then rehydrated in aqueous buffer to
generate mixed micelles. Alternatively, detergents may be directly added to MLV
preparations to disrupt these structures and produce mixed micelles 33 The differentiating
factor between the many techniques that fall under this category is the exact method used to
eliminate the detergent. Common approaches include dialysis, gel chromatography, and
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absorption. Dialysis involves dilution of the mixed micelles to near or below their CMC,
resulting in gradual removal of the detergents and subsequent promotion of liposome
formation 34. Gel chromatography involves passing the mixed micelles through a column
matrix such as Sephadex 4B, G-50, or G-200. This results in sequential removal of the
detergent as the mixed micelles pass through the column, generating liposomes before they
reach the bottom of the matrix 33,35. This method of removal is highly efficient in eliminating
residual levels of detergent when compared to dialysis. Finally, absorption techniques utilize
synthetic beads coated with hydrophobic resins that bind and remove detergents from
solution. These beads may be used to generate a detergent exchange column matrix, which
then has the mixed micelle solution passed over it 36.
Relatively recent advances in liposome production technology have yielded
techniques that require neither the high pressure of homogenization nor laborious detergent
removal. In 2002, a novel “heating method” was reported, capable of generating uniform
liposomes encapsulating DNA 37. This technique hydrates each lipid component separately
and then rapidly combines them at high temperatures (120 °C) in the presence of 3%
glycerol. This technique does not require any subsequent processing step, as the glycerol
used is biocompatible and has no deleterious effects on the final liposomes. Additionally, due
to the high temperatures used in manufacturing the particles, the solution generated is largely
sterile and appropriate for in vitro or in vivo studies without additional filtering 38. Another
recently developed technique is microfluidic mixing, which uses a staggered herringbone
mixing device with microscale geometry that promotes rapid, millisecond-scale mixing of
two input streams. When lipids dissolved in ethanol in one stream are mixed with the
aqueous buffer in the second stream, the lipids experience a rapid increase in polarity that
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promotes liposome formation. This allows for the production of limit-size liposomes in the
range of 20-50 nm 39-41.
Overall, a diverse range of techniques have been developed and thoroughly optimized
to produce uniform liposomes of a variety of sizes and compositions. Such advances have
enabled the use of these systems as potent therapeutic delivery vessels. The technology for
loading therapeutics into liposomes has developed alongside production methods and a
similarly broad range of methods has been developed for encapsulating a variety of drug
types.

1.1.4 Techniques for encapsulating therapeutics within liposomes
One of the most important considerations in drug loading of liposomes is the
physiochemical nature of the compound to be entrapped. Traditionally, hydrophilic
molecules have shown a much greater degree of compatibility with such loading than
hydrophobic ones. This is largely due to the difference in bilayer permeability of these two
drug categories. Since hydrophilic drugs are comparatively less able to pass through the lipid
bilayer, they can remain effectively entrapped within the liposomes’ aqueous core.
Hydrophobic molecules are more membrane-permeable and are better able to escape the
liposomes, resulting in unstable loading and low encapsulation efficiencies. In spite of these
challenges, a variety of techniques have been developed that achieve encapsulation of both
types of molecules.
The first demonstrated techniques for generating drug-loaded liposomes took
advantage of passive loading methods. These rely on incorporation of the therapeutic into
either the lipophilic or aqueous components during initial liposome formation. Thus, as the
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liposomes are formed, the drug is passively incorporated into the interior of the particle along
with the aqueous buffer. However, since these techniques have no method of preferentially
accumulating drug within the particle, they typically suffer from low encapsulation
efficiencies, ranging from 5-60% 42. An exception exists in passive entrapment using freezethaw techniques at high lipid concentrations, which have shown efficiencies of over 85%,
though this percentage was reported for entrapping only radioactive sodium 43. In the event
of passive entrapment of charged drugs, oppositely charged lipids can be utilized to improve
encapsulation efficiencies. This was demonstrated with doxorubicin (positively charged) and
liposomes incorporating phosphatidylserine (PS) or cardiolipin (negatively charged) 44.
A key turning point in drug encapsulation was the discovery of active loading
techniques, which utilize pre-formed liposomes with specific characteristics that promote
accumulation of the drug within their aqueous interior. This was first demonstrated using
liposomes exhibiting a pH gradient, with an acidic interior and neutral exterior, to load weak
base molecules. Though this technique was first used to study the response of model
membranes to pH gradients 45,46, it was quickly adopted for loading weak base drugs into
liposomes 47,48. By using this technique, it was possible to obtain a 100-fold increase in the
concentration of doxorubicin on the interior of the liposomes relative to the exterior
concentration 48.
The generation of pH-gradient liposomes can be achieved in a number ways. The
most simplistic method is to initially produce liposomes with an acidic aqueous component,
making particles with an acidic interior and exterior. Subsequent replacement of the exterior
medium with a neutral buffer, through techniques such as dialysis, will generate liposomes
with the desired pH gradient. When such liposomes are combined with a weak base molecule
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with a pKa that is higher than the particles’ internal pH, spontaneous influx of the drug into
the liposomes occurs. When present in the neutral exterior buffer (with pH greater than or
near to its pKa), the molecule exists in equilibrium with a significant proportion present in its
uncharged state. In this neutral form, the drug is more readily able to pass through the
liposomal bilayer into the interior aqueous core. Upon doing so, it encounters the acidic
environment at a pH lower than its pKa and becomes protonated. Due to this introduction of
one or more charged groups, the weak base becomes unable escape the particle by passing
back through the lipid bilayer and is effectively trapped. Loading in this manner can continue
until the pH gradient is exhausted and insufficient protons are available to protonate newly
arrived neutral weak base species 49.
A more involved method of pH gradient generation is through the use of ionophores,
chemical species that act to exchange ions across membranes. If liposomes can be generated
with an ionic gradient, the introduction of an ionophore that exchanges the ions for protons
will enable efficient acidification of the internal compartment. This strategy has been
effectively employed using a variety of ionophores, including nigericin (H+/K+ antiporter)
and A23187 (H+/divalent cation antiporter) 50,51.
The pH gradient can also be established by preparing liposomes with an ammonium
sulfate gradient (or any other ammonium salt). This method of active loading has been used
with great success to load weak base therapeutics into liposomal systems approved for use in
humans, including Doxil and Marqibo 52. Using this method, liposomes are prepared using
ammonium sulfate as the aqueous component and then dialyzed against a neutral buffer such
as PBS, generating particles with ammonium sulfate present only in the interior aqueous
compartment. Once established this gradient converts into a pH gradient that replenishes
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itself upon drug loading. The ammonium ions (NH4+) present in the liposome interior
naturally exists in equilibrium with ammonia (NH3) and protons (H+). Since NH3 is much
more membrane permeable, it can exit the liposome while the proton remains entrapped,
acidifying the interior space. When a weak base drug is introduced into the solution, it
collects within the acidified interior as detailed previously. By doing so, the intra-liposomal
protons are consumed, promoting further dissociation of the remaining ammonium ions and
enabling additional loading of the drug. This cycle repeats until the ammonium gradient is
exhausted and high drug:lipid ratios are achieved 49. This method offers additional benefits in
that the counter-ion to ammonium (sulfate in the above description) can enhance the stability
of the encapsulated drugs. This can be achieved in one or both of two ways. First, the anion
can complex with the protonated weak base to form a precipitate, effectively decreasing the
intraliposomal concentration of soluble weak base and preventing associated osmotic stress.
Secondly, the presence of the anion can contribute to an internal aqueous environment that
decreases the membrane/buffer partition coefficient of the weak base, decreasing its ability to
escape across the liposome membrane 53. The ability of the counter-ion to stabilize the
loaded drug varies depending on the nature of both the species being loaded and the anion
itself. As such, loading has been examined using a variety of ammonium salts such as citrate,
phosphate, and sulfate 54.

1.1.5 Liposome interactions with biological components in vivo
The study of the pharmacokinetics and biodistribution of liposomal systems
following administration in vivo has evolved in parallel with the technologies for producing
and loading the particles. Key advances in the understanding of how the carriers interact with
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the immune system, the inherent architecture of various organs, and blood components have
allowed for increasing control over where particles accumulate post-injection and how
quickly they release their therapeutic payload.
The primary challenge for utilizing liposomes in vivo is their strong interactions with
the body’s immune system. Although the particles are typically composed of biocompatible
and natural lipids, they are still foreign entities introduced into the circulation, which are
exactly what the immune system has evolved to combat. As such, it comes as no surprise that
most traditional liposomes are rapidly taken up by the body’s macrophages and other
phagocytic cells upon injection 55. These cells are largely found in the mononuclear
phagocyte system (MPS), which consists of the body’s phagocytic cells found in the liver,
spleen, bone marrow, and lymphatic system. The aforementioned organs typically show the
greatest degree of liposome accumulation post-injection. The highest particle concentrations
are typically found within the liver (which comprises approximately 90% of the MPS 56) and,
to a lesser extent, the spleen 57. Though these sites contain extremely high densities of
phagocytic cells, their unique anatomy also contributes to the observed nanoparticle
accumulation. In the case of the liver, the organ’s capillaries contain full fenestrations that
allow for direct diffusion or extravasation of nanoparticles from the circulation into the
perisinusoidal space. These fenestrations typically range from ~100-150 nm and completely
lack a basement membrane, allowing for uninhibited diffusion 58. Following extravasation
from the capillaries, nanoparticles are readily available to the phagocytic Kupffer cells of the
liver 59. The spleen also exhibits enhanced potential for nanoparticle diffusion from the
circulation, with a portion of its vasculature opening directly into its parenchyma.
Nanoparticles that exit the capillaries through this route are exposed to the organ’s interior
16

red pulp, which contains high amounts of phagocytic cells involved in erythrocyte recycling
and pathogen clearance 60.
It should be noted that liposome uptake by phagocytic cells, regardless of their
location in the body, is typically preceded by interactions between the liposomes and proteins
in circulation. Opsonization, the binding of a diverse set of serum components to the surface
of liposomes or other foreign bodies as part of immune response that promotes their
phagocytic clearance, is a well-established factor in particle clearance in vivo. The serum
components involved in this process include apolipoproteins, immunoglobulins, and
complement proteins, among others 61. In studying the general amount of total proteins
bound to the liposome surface (Pb or Protein Binding Parameter) in vitro, inverse correlations
between this value and circulation clearance times have been found for systems composed of
phosphatidylcholine (PC) and Cholesterol (Chol) 62. Similar trends have been found for each
subset of serum components that contribute to opsonization. Regarding apolipoproteins
(Apo), various forms of Apo A, B, C, and E have been shown to associate with liposomes,
contributing to MPS and liver uptake in two ways. Firstly, they are thought to act in the
opsonization of the particles, supporting uptake via macrophages. Additionally, adsorption of
increasing levels of Apo B and E have been correlated to increased liposome uptake in
hepatic cells, likely through receptor-mediated endocytosis 63. Similar trends have been
observed for immunoglobulins, with antibody coated liposomes showing significant
increases in macrophage uptake in vitro and in vivo 64. In the case of complement activation,
studies have shown that liposomal membranes of varying composition are capable of binding
complement proteins and their fragments 65. Increased binding of complement proteins,
specifically C3, has been observed in anionic liposomes composed of PC/Chol/cardiolipin
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that show rapid clearance from the body. In contrast, neutral liposomes composed of 1,2distearoyl-sn-glycero-3-phosphocholine (DSPC)/Chol show significantly lower levels of C3
binding and exhibit extended circulation times 64.
Overall, though the rapid accumulation of traditional liposomes in the MPS is
beneficial for therapies targeting the immune system, it is a distinct challenge for
formulations that need to reach other cell types or parts of the body. As such, a great deal of
effort has been devoted to characterizing ways to evade the MPS. Specifically, studies
establishing which liposome characteristics that most strongly affect interaction with plasma
components and MPS uptake have been crucial in understanding nanoparticle clearance.

1.1.6 Liposome characteristics influencing blood clearance
Liposomes can be generated from a vast range of potential lipid components, which
ultimately allow for the production of particles with a diverse set of physiochemical
characteristics. Through extensive research, a subset of characteristics that have the largest
impact on blood retention times and MPS clearance have been identified. These include
particle charge, size, membrane fluidity, and surface coating.
The inclusion of charged lipids into liposomes can distinctly affect their circulation
halftimes, largely through influencing the amount of plasma proteins bound to the
nanoparticle surface. Positively charged liposomes show high Pb values, indicating a high
degree of opsonization upon injection 66. Furthermore, varying indications of toxicity have
been reported for cationic liposomes in vitro and in vivo. Incubation of positively charged
liposomes with plasma results in increased turbidity and formation of a clot-like structure,
while incubation with erythrocytes leads to limited hemolysis 66. Injection of cationic
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liposomes in rats has also led to increased DNA strand breakage and cytokine expression in
the liver and spleen, though the morphology and clinical biomarker levels related to the
health of these organs were unaltered 67. Incorporating anionic lipids into liposomes has also
been shown to decrease their circulation times, though the extent of this effect varies
depending on the negative lipid species used 68. Though introduction of cardiolipin,
phosphatidic acid, or phosphatidylserine leads to drastic reductions in circulation half-life,
similarly negatively charged particles made with phosphatidylglycerol or
phosphatidylinositol show relatively moderate reductions in retention times.
Particle size was one of the first evaluated parameters affecting blood retention, with
numerous studies since 1975 showing that, as a general rule, smaller particles are cleared
more slowly than large ones 69,70. Though this trend was originally observed when comparing
larger MLV to smaller LUVs, it has remained valid for nanoparticles of identical degrees of
lamellarity and lipid composition generated at different sizes. Specifically, levels of particle
opsonization decrease in a manner proportional to liposome size for diameters of 800-200
nm 71. For particles ranging between 200-70 nm, previous studies have reported no major
changes in clearance rate. However, particles smaller than 70 nm showed increased liver
clearance 72. It was noted that these trends changed based on lipid composition, with more
negatively charged particle showing decreased size-dependent clearance. This reinforces that
size is just one contributor to a complex suite of factors determining particle clearance.
In particles of comparable surface charge and size, the fluidity of the lipid bilayer has
been shown to impact circulation profiles as well. Fluidity is affected by several factors,
some of the most prominent being lipid chain length, degree of acyl chain saturation, and
cholesterol content. In liposomes composed purely of phosphatidylcholine, longer lipid chain
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lengths and increased acyl chain saturation are associated with increased clearance rates and
association with plasma membranes. More specifically, liposomes with membranes in the
liquid crystalline state (injected at temperatures above their phase transition temperature)
show increased circulation while those with gel-state membranes show a sharp decrease in
this value. Increased membrane fluidity obtained through using shorter or unsaturated acyl
chains both result in similar increases in blood circulation times and decreases in protein
binding 62. The study also showed that the introduction of cholesterol to liposomes with gelstate membranes results in dramatic decreases in protein binding and increases in circulation
time. In membranes with high transition temperatures, such as those consisting of lipids with
long and saturated acyl chains, cholesterol functions to increase membrane fluidity. By doing
so, it is thought to decrease the inherent packing defects present in gel-state lipid membranes,
which are hypothesized to promote increased interaction with plasma components involved
in opsonization. Indeed, when imaged through freeze-fracture microscopy, pure DSPC
liposomes show angular fracture planes indicative of non-spherical morphology, likely
caused by the aforementioned packing defects of the gel-state membrane. In contrast,
introduction of 45% cholesterol content (mol:mol) to the same liposomes results in smooth,
spherical liposomes without any apparent imperfections 73.
Due to the clear link between plasma component absorption and decreased blood
retention times, it was hypothesized that introduction of a surface coating on a liposome
could help decrease these unfavorable interactions. The first implementation of surface
coating occurred in 1987, where liposomes were generated with an exterior layer of sialic
acid 74. This was accomplished by incorporating the ganglioside GM1 into the lipid
composition of the particles. Inspired by the naturally occurring sialic acids found in the
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extracellular matrix of cell membranes, gangliosides were hypothesized to be a
biocompatible yet effective method of preventing opsonization. By optimizing the
concentration of GM1 incorporated, a 10-fold increase in circulating levels of PC/Chol
liposomes was obtained. Substitution of sphingomyelin for PC produced even further
increases in circulation time and a decreased distribution to the liver and spleen. Building on
this first demonstration, rapid improvements were made in the field of surface coating. The
most significant of these was the discovery of the shielding effects of polyethylene glycol
(PEG) when used to decorate the liposome surface. Identified as a highly hydrophilic
synthetic polymer that could shield the liposome surface from protein interaction, PEG was
initially linked to several lipophilic moieties to allow it to stably incorporate into the
liposome bilayer. Stearyl-PEG showed relatively moderate improvements to circulation halftime but conjugating the polymer to variations of phosphatidylethanolamine (PE) lipids
proved to be an effective route for introducing stable PEG shielding 75,76. Using this strategy,
PEG coatings allowed for far improved shielding efficiency, with 5-7% PEGdistearoylphosphatidylethanolamine (DSPE) particles showing similar circulation kinetics as
10% GM1 liposomes 77. Furthermore, it was shown that by increasing the amount of PEGlipid included in a formulation, the circulation lifetime could be extended even further,
allowing for tight control over formulation pharmacokinetics 75. Successful surface shielding
using PEG or other polymers allowed for the production of “stealth” liposomes that exhibited
far longer circulation lifetimes and decreased MPS uptake compared to traditional vessels.
These qualities allowed for new biodistribution profiles to be obtained and opened new
avenues for disease treatment. By avoiding substantial and rapid uptake by the MPS,
PEGylated particles can accumulate within sites of tumor growth or inflammation. This is
21

largely due to the enhanced permeability and retention (EPR) effect, which refers to the
observed increase in blood vessel permeability and decrease in lymphatic drainage in tumor
or inflammation sites 78. This discovery was crucial in the development of numerous
liposomal formulations for cancer treatment and demonstrations of increased treatment
efficacy through use of PEGylated liposomes quickly followed.

1.1.7 Liposome characteristics influencing drug release rates
With the major challenge of MPS evasion addressed by surface modifications, the
next major challenge to efficacious liposomal therapeutics is controlling drug release rates.
Major factors influencing release rates from loaded nanoparticles include interactions with
plasma components, particle size, and drug precipitation. It should be noted that a
formulation’s drug release rate and the degree to which the above factors influence it are
highly dependent on the nature of the encapsulated drug.
Many of the liposome-plasma component interactions described in the preceding
section will contribute not only to the clearance rate of the particles but also their rate of drug
release. For example, the insertion of complement proteins and other opsonins can
compromise membrane integrity, resulting in greater drug leakage. In extreme cases,
complement activation can result in to formation of a membrane attack complex, which
functions much like a pore in the membrane that facilitates content efflux 79. Lipoprotein
interactions, including those with LDL and HDL have also been shown to increase drug
leakage rates upon in vitro incubation 80. In addition to destabilization associated with
apolipoprotein exchange between endogenous lipoproteins and liposomes, direct lipid
component exchange between these two species has also been demonstrated. Pure
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phosphatidylcholine particles injected into mice show a time dependent increase in
cholesterol content, with the majority of the lipid arising from lipoprotein donation. This
exchange occurs until there are roughly equimolar concentrations of phospholipid and
cholesterol in the particles 81. As such, inclusion of cholesterol in the initial liposome
composition can help to avoid any membrane disruption associated with lipid exchange.
Particle size has also shown to be an effector of drug retention in liposomes. Smaller
liposomes exhibit higher degrees of membrane curvature, which is hypothesized to induce
structural strain preventing ideal lipid packing. Due to these induced packing defects, the
membrane becomes leakier overall 30,82.
As previously stated, the physiochemical properties of the encapsulated drug will
greatly influence drug release rates. In particular, the ability of the drug to precipitate on the
interior of the liposome will typically lead to significant increases in overall retention. A
number of drugs have been observed to precipitate at suitably high intraliposomal
concentrations, as indicated by distinct structures visualized using cryo-TEM. For example,
doxorubicin forms long, bar-shaped precipitates resulting in a “coffee-bean” like structure
observed in loaded liposomes 54 whereas vincristine shows an amorphous precipitate
appearing as distinct spots of increased electron density 83. In both cases, this precipitation
has been hypothesized to contribute to the stability of drug retention in these systems. In
contrast, drugs that do not show precipitation typically exhibit rapid drug release upon
plasma incubation in vitro or in vivo. For example, the antibiotic ciprofloxacin shows
extremely rapid release rates upon introduction to plasma components when loaded into
liposomes 84. In spite of the drug being concentrated to twice its solubility limit in the
liposomal interior, no precipitation is observed, resulting in extremely high intraliposomal
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concentrations of the soluble drug. Since drug leakage is proportional to the concentration of
soluble drug on the liposome interior (according to Fick’s law), this allows liposomeencapsulated ciprofloxacin to respond very quickly to any membrane destabilization
affecting permeability, facilitating rapid drug release. In contrast, liposomes with drug
precipitations have a significant portion of their encapsulated content present as insoluble
precipitates, which exists in equilibrium with the soluble drug. This effectively lowers the
concentration of soluble drug in the liposomal interior, resulting in more stable retention and
less responsiveness to membrane destabilizing effects 83.
Overall, the work done to characterize how these factors influence drug release rates
have been a major part of translating liposomal therapeutics from the bench to pre-clinical
experiments to clinical applications in humans. Together with an understanding of how
liposomes can be produced, mechanisms for loading them with drug, and how they behave
upon injection, this knowledge has led to the successful generation of numerous FDAapproved liposomal formulations.

1.1.8 Application of liposomal therapeutics in cancer treatment
As discussed previously (Section 1.1.2 History of liposomal nanoparticle
development), lipid-based therapeutics have received FDA approval for a broad range of
applications. A large proportion of these are focused on cancer therapy. Doxil, one of the
first FDA approved liposomal therapeutics, encapsulates doxorubicin and allows for drastic
increases in therapeutic efficacy compared to the free drug through several mechanisms.
Firstly, liposomal encapsulation allows for a more desirable biodistribution profile, greatly
increasing doxorubicin tumor accumulation 85. This is possible due to the inclusion of PEG
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2000-DSPE, allowing for surface shielding and tumor accumulation via the EPR effect. This
was one of the first demonstrations of successful “passive” targeting of liposomes to tumor
sites in humans. Specifically, passive targeting refers to accumulation at a target site through
naturally occurring processes as opposed to the inclusion of targeting agents on the liposome
surface. Examples of natural processes influencing passive targeting include the
aforementioned EPR effect, post-injection adsorption of apolipoproteins, and the inherently
fenestrated vasculature of the liver or spleen. By enabling passive tumor targeting via stealth
liposome technology, Doxil was able to increase not only the amount of drug that reached the
tumor site but also the duration of drug exposure the tumor experiences 86.
The second way in which Doxil improves on the efficacy of free doxorubicin is through
significant reduction of adverse effects and toxicity. Free doxorubicin exhibits dose-limiting
cardiotoxicity, with induced cardiomyopathy being one of the most common effects. This
prevents the free drug from being administered at high concentrations or in long-term
regimens 87. In contrast, Doxil exhibits dramatically reduced cardiotoxicity. This is largely
due to its ability to 1) Decrease the acute peak plasma concentration of doxorubicin
following free drug injection; and 2) Limit the biodistribution of the drug to cardiomyocytes
88

. Together, the ability of Doxil to improve the pharmacokinetics/biodistribution of

doxorubicin and decrease its inherent toxicity allow it to serve as a greatly enhanced
treatment for numerous cancer types 15. In AIDS-related kaposi sarcoma, Doxil treatments
enhance drug accumulation in skin lesions and allow for reductions in total doxorubicin dose
while maintaining efficacy. When used to treat breast cancer, the liposomal therapeutic is
similarly efficacious to free doxorubicin but the large decreases in cardiotoxicity make it a
much safer alternative. Additionally, when used in combination chemotherapy regimens,
25

Doxil has been shown to result in reduced severe immune response to repeated treatments.
Various types of solid tumor cancers have shown similar improvements in effectiveness and
decreases in toxicity when treated with Doxil, including ovarian cancer, sarcoma, brain
cancers such as glioma, prostate cancer, and head and neck cancer 88.
The general principles resulting in increased efficacy compared to free drug observed
with Doxil, namely improved pharmacokinetics/biodistribution and decreased toxicity, form
the basis for the utility of liposomal encapsulation of many other cancer therapeutics.
DaunoXome consist of daunorubicin encapsulated in DSPC/Chol liposomes. While the
formulation does not contain PEG-lipid, it still results in significantly increased circulation
time and shows a reduction in cardiotoxicity and myelosuppression when compared to free
drug 89. This is possible due to the relatively small size of the particles (~45 nm) and the
inclusion of cholesterol to extend its plasma half-life. Non-PEGylated liposomal
formulations like DaunoXome have been shown to be effective in treating numerous cancer
types. Myocet, a non-PEGylated formulation of doxorubicin (egg PC/Chol), has shown to be
effective in treating breast cancer when implemented as part of combination chemotherapy
strategies. In spite of its lack of surface shielding and its larger particle size, Myocet shows
similar trends in reducing myelosuppression, gastrointestinal side effects, and cardiotoxicity
while maintaining anti-tumor efficacy 90,91.
As demonstrated by the previously described formulations, liposomal therapeutics
show great promise in the treatment of solid tumor cancers. Of course, this is partially due to
their ability to decrease toxicity but also to their ability to accumulate drug in the target
tumor sites via the EPR effect. Nonetheless, liposomes have also shown utility in treating
other cancer subtypes that do not primarily manifest in traditional solid tumors. For example,
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the chemotherapeutic vincristine, a vinca alkaloid that functions in preventing cell division
via inhibition of microtubule formation, has shown favorable encapsulation in sphingomyelin
(SM)/Chol liposomes. This formulation is marketed as Marqibo and has primary applications
in acute lymphoblastic leukemia (ALL). Since ALL is a hematological cancer, it does not
immediately form solid tumors, thus preventing liposomal therapeutics from taking
advantage of the EPR effect. Despite this, clinical trials have shown Marqibo to be effective
in treating Philadelphia chromosome-negative ALL 92. As expected, when compared to free
vincristine, Marqibo allowed for higher drug doses to be regularly administered without any
subsequent increases in toxicity or side effects. Furthermore, the liposomal therapeutic
showed meaningful clinical outcomes in patients that had relapsed after previously receiving
multiple anti-cancer therapies.
Liposomal formulations have also been developed for the treatment of other forms of
leukemia. Acute myeloid leukemia (AML) has recently had a breakthrough liposomal
treatment approved by the FDA in 2017. Marketed as Vyxeos, this is a liposomal formulation
of daunorubicin and cytarabine 93. These are two traditional chemotherapeutics that target
distinct pathways in cancer progression. Daunorubicin acts via topoisomerase II inhibition
and subsequent DNA strand breakage while cytarabine is a toxic nucleoside mimic.
Currently, the combination of daunorubicin and cytarabine is the standard of care treatment
for AML. Delivered together, they obtain synergistic therapeutic effects. However, due to
their unique physiochemical profiles, they are cleared at different rates from the body,
preventing optimal drug:drug ratios from being maintained at target sites. Furthermore, as
with any unprotected chemotherapeutic, they exhibit off-target effects including toxicity in
cardiac, myeloid, and gastrointestinal cells 94. Encapsulation of both agents allows for not
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only the standard bioprotective effect through altered biodistribution but also the ability
maintain the synergistic daunorubicin:cytarabine ratio that is most effective in treating AML.
Furthermore, though no traditional solid tumors are present to exhibit the EPR effect, the
sinusoidal vessels of the bone marrow, in which a proportion of the leukemic blast cells
reside, allows for increased accumulation of the nanoparticles. As such, Vyxeos allows for
increased delivery of both drugs to the diseased sites at the optimal drug:drug ratio 95. When
tested in phase III clinical trials, Vyxeos provided significant increases in overall survival,
decreases in 60-day mortality, and improvements in a number of other disease-related
endpoints compared to standard combination therapy with the two free drugs 96.
Overall, liposomal therapeutics are well suited to treat both cancers that manifest
solid tumors as well as others that do not. Their inherent ability to prolong circulation
lifetimes of their payload and decrease associated toxicity impact almost all liposomal cancer
therapeutics. The ability to facilitate accumulation in solid tumors and disease sites of
hematopoietic cancers provides an added benefit to these nanoparticle therapies. In
particular, the development of LNP formulations to treat numerous types of leukemia are
providing promising new avenues for combatting this disease, particularly in its most illaddressed subtypes including AML.

1.2 Acute myeloid leukemia and its treatment
1.2.1 Overview of leukemia
Leukemia is a hematological cancer that arises from oncogenic mutations in
immature blood cell progenitors produced in the bone marrow. These progenitor cell
populations are separated into two general categories: myeloid and lymphoid progenitors.
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This distinction arises from the cell types the stem cells ultimately mature into: myeloid
progenitors differentiating to monocytes, granulocytes, erythrocytes, and megakaryocytes;
lymphoid cells into B and T cell. As such, leukemic mutations can lead to two corresponding
categories of leukemia depending on which of these progenitor types becomes cancerous:
myeloid leukemia and lymphocytic leukemia 97. Additionally, depending on the
aggressiveness or rate at which the disease progresses, each of these two cancer types can be
classified as acute or chronic. Due to the development of oncogenic mutations, leukemic
blast cells become arrested in their immature state, prevented from normal maturation into
their fully functional blood cell varieties. As with any cancer, they also become capable of
rapid and uncontrolled replication 98. Due to their unregulated division, the non-functional
leukemic cells eventually crowd out normal blood cells in all their stages of development.
This results in impairment in blood cell production and function. As such, leukemic patients
commonly experience inhibited blood clotting (coagulopathy) and compromised immune
function due to insufficient platelet and white blood cell (WBC) production. As the disease
progresses, the spread of leukemic blasts out of the bone marrow and into circulation can
directly or indirectly lead to increased risk of hemorrhage, vulnerability to severe infection,
and blood viscosity 99. Additionally, the cancer cells can easily travel to other organs and
manifest metastases or interfere with normal organ function due to their immense quantities
100

. This can lead to compromised organ function and eventual organ failure in untreated

patients 101.
The treatment of leukemia has seen many important advances since the disease was
first reported in the 19th century. Early treatments using relatively crude and non-specific
techniques showed abysmal success rates and were capable of inducing only short-lived
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decreases in the number of circulating blast cells. These included arsenic solutions (1860 and
onwards) and unrefined radiotherapy (1890s) 102,103. The first complete, though temporary,
remission of the disease was obtained in pediatric ALL patients treated with aminopterin in
1948, though these individuals largely experienced subsequent relapse of the cancer 104. The
two decades following this breakthrough showed marked discoveries of new
chemotherapeutic agents and the implementation of combination chemotherapy regimens,
which utilize two or more anti-cancer agents together for synergistic effect 105. By combining
prednisone, vincristine, methotrexate, and 6-mercaptopurine, a combination regimen
producing the first lasting remissions in ALL patients was discovered in 1965 106. Since this
discover, many new combination chemotherapy regimens have been designed and tested,
with some form of chemotherapeutic mixture typically serving as the standard of care for
most leukemia subtypes. This modern approach to disease treatment has provided very
promising long-term remission and cure rates for certain subtypes of the disease, with
pediatric ALL serving as one of the most treatable forms. As shown in Table 2, combination
chemotherapy treatments in this form of leukemia produce long term survival rates of over
90% 107. However, other subtypes of the disease show relatively low treatment success, with
AML standing as one of the most poorly addressed subtypes in terms of long-term and
median survival statistics 108. As such, the need for innovative treatments for the disease is
still high, as contemporary therapies are insufficient in providing versatile cure rates.
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Table 2. Leukemia subtypes and associated survival statistics.
Subtype

Long-Term Survival (%)

Median Survival (Years)

Pediatric Acute Lymphocytic

>90

>10

Chronic Myeloid

>80

>10

Adult Acute Lymphocytic

40-50

>3

Chronic Lymphocytic

30-40

6-7

Acute Myeloid

30-40

1-2

1.2.2 Treatment of acute myeloid leukemia
As mentioned previously, AML is an aggressive subtype of the disease arising from
myeloid blast cells and is the most poorly treated of the four classic leukemia subtypes.
Though the treatment of AML has shown some success in obtaining steady remissions in
younger patients, reliable and effective therapies for the more prevalent older patient
populations are still lacking 109. Combination chemotherapy of cytarabine and an
anthracycline chemotherapeutic (typically daunorubicin) currently serves as the standard of
care for AML. This treatment is referred to as “7+3”, indicating the dosing schedule of seven
days of continuous cytarabine infusion with three concomitant days of anthracycline
injection at the start of treatment 110. The continued use of the 7+3 treatment is somewhat
discouraging, as this strategy was first tested in 1973 111 and does not result in high long-term
survival or cure rates as seen in Table 2. Numerous variations on this strategy including
testing the effects of different anthracyclines (such as idarubicin) and adjusted drug:drug
ratios have shown little improvement 108,112. Because of the high doses of the free drugs
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necessary and the associated toxicities, this treatment strategy is particularly dangerous for
older patients 109.
As detailed previously (Section 1.1.8 Application of liposomal therapeutics in cancer
treatment), major improvements in the tolerability of various chemotherapeutics have been
made through liposomal encapsulation. As such, it is not surprising that this strategy has
been applied to cytarabine/daunorubicin therapies. Vyxeos, a liposomal formulation of these
drugs shows increased treatment efficacy by delivering the drugs at the synergistic ratio
while also reducing toxicity. Though these innovations have allowed for significant
improvements in two year survival rates (31.2% as opposed 12.3% for the free drug
combination regimen) this long term survival percentage is still quite low in comparison to
other leukemia subtypes 93. Overall, though major improvements have been made to existing
chemotherapeutic regimens, these strategies still ultimately rely on the same combination
strategies that have been used since their first application to AML in 1973. Even with state of
the art drug delivery systems, cytarabine/anthracycline regimens are unable to produce long
term survival rates above 50% in the most common AML patient populations. As such, there
is a clear need for new and more effective AML treatment strategies.

1.2.3 Epigenetic regulators and their application to AML treatment
In recent years, the importance of epigenetic regulation in the manifestation and
progression of leukemia, including AML has become evident. Key chromatin modifying
enzymes have become appealing therapeutic targets, as they have been shown to play a role
in the development of the two mutation pathways that are critical for leukemia development:
arrest of differentiation and rapid replication. Of particular interest are the histone
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methyltransferases G9a and GLP. In addition to playing a role in normal hematopoietic
pathways in healthy cells, they have been shown to be vital to the progression of numerous
types of leukemia 113. In vitro studies show that deletion, active site mutation, or inhibition of
G9a results in significantly reduced leukemic cell replication rates. Additionally, inhibition
of the enzyme results in clear signs of increased myeloid differentiation in the treated cells.
Taken together, these two findings indicate that G9a inhibition can address both the arrested
development and rapid replication characteristics shown to be key for leukemia
manifestation and progression.
Though these in vitro results were initially obtained using murine leukemic cells,
similar results were soon obtained using a variety of human cell lines. This demonstrated the
wide applicability of G9a inhibition across different species as well as different oncogenic
variants of AML. The effectiveness of G9a inhibition was also demonstrated in vivo. Mice
inoculated with G9a knockout leukemic cells showed significantly improved survival rates,
as did those inoculated with cells pre-treated with G9a inhibitors 114. In light of these
promising results in cell lines and animal models, G9a/GLP inhibition presents an
encouraging therapeutic target for the treatment of AML. To this end, several G9a/GLP
inhibitors have been iteratively developed to maximize their potency.
A promising series of small molecules have been developed by Dr. Jin’s group at the
University of North Carolina (UNC), with the inhibitors UNC0638 and UNC0646 tested
against leukemic cells in the aforementioned in vitro and in vivo G9a inhibition experiments
114

. This line of inhibitors was originally developed using structure-function predictions

based on structural data of G9a’s catalytic site, which resulted in the discovery of BIX-01294
115

. Based on this initial scaffold, iterative chemical screens were used to further develop the
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inhibitors and optimize their in vitro and in vivo properties. This resulted in the development
of UNC0638 and UNC0646 116. Recently, an even more potent iteration of the UNC
compound line has been developed, with a G9a IC50 (the dose to obtain 50% inhibition of
activity) below 2.5 nM 117. This small molecule, UNC0642, thus serves as a prime candidate
for further G9a inhibition studies in the context of AML treatment. However, though the
molecule shows promising in vitro efficacy, efforts to apply it to animal models have been
compromised due to an inherent acute toxicity associated with the drug (unpublished results).
Intraperitoneal (IP) injection of the drug at 5 mg/kg results in a severe adverse neurological
response in the form of seizures. Though animals can recover after a single dose, a second
injection within 24 hours leads to an increase in the severity of the acute toxic response
observed, with animals reaching the human endpoint soon after due to severe seizure.
Furthermore, even a single 5 mg/kg IV injection results in lethal toxicity. Overall, though
UNC0642 stands as a promising anti-leukemic drug, its inherent toxicity prevents translation
of the agent into pre-clinical studies.
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Figure 1. Structure of the G9a/GLP inhibitor UNC0642
Developed by Dr. Jin’s lab at the University of North Carolina, UNC0642 represents
one of the most potent small molecule inhibitors (G9a IC50<2.5 nm) developed by this group.

1.3 Thesis objectives
Liposomal nanoparticles have a well-documented history of enabling effective anticancer therapies by attenuating drug-related toxicity and controlling drug biodistribution (as
reviewed in Section 1.1.8 Application of liposomal therapeutics in cancer treatment). As
such, these systems are well suited to addressing the inherent toxicity of UNC0642.
The ultimate objective of this thesis is to is to examine the ability of liposomal
encapsulation to decrease the inherent toxicity of UNC0642. To evaluate this, the following
sub-objectives must be accomplished: 1) Optimization of an efficient loading strategy for
encapsulating UNC0642 within liposomal carriers, generating UNC0642-LNP; 2) In vitro
characterization of UNC0642-LNP, including structural, drug retention, and anti35

proliferation cell culture studies; and 3) In vivo characterization of the effect of encapsulation
on toxicity via tolerability studies using murine systems.
By systematically addressing these sub-objectives in turn, we show that UNC0642LNP systems can indeed be generated and characterized. Furthermore, we show that
liposomal encapsulation effectively addresses the inherent toxicity of the drug by comparing
free vs liposomal UNC0642 injections in terms of their acute and chronic toxicity at varying
doses. The capacity for longitudinal administration of the systems is also evaluated by
determining the compatibility of these liposomal systems with multiple-dose regimens that
mimic anti-leukemic therapy schedules. Overall, it is shown that UNC0642-LNP are a safe
and promising anti-AML formulation that are well suited to future pre-clinical testing in
animal models of the disease.
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Chapter 2: Materials and Methods
2.1 Materials
Phospholipids used for liposome preparation, including 1,2-distearolyl-sn-glycero-3phosphocholine (DSPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol was purchased from
Sigma-Aldrich (Saint Louis, MO). 1,1’-dilinoleyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (DiI) was purchased from Invitrogen (Eugene, OR). UNC0642 was provided by
the lab of Dr. Jian Jin (University of North Carolina). Ammonium sulfate, Dulbecco’s
phosphate buffered saline (PBS), and fetal bovine serum (FBS) were purchased from SigmaAldrich (Saint Louis, MO).

2.2 Preparation of liposomes with pH gradient
Powdered lipid stocks were combined and dissolved in anhydrous ethanol at 65 °C.
MLV were generated from dissolved lipids through rapid addition 300 mM ammonium
sulfate (65 °C) to a final concentration of 30 mg/mL total lipid and 10% EtOH. MLV were
extruded at 65 °C at 350 psi through two stacked polycarbonate filters with 0.1 µm pore size
for a total of 10 passes. Following extrusion, particles were dialyzed against 300 mM
ammonium sulfate overnight to remove residual EtOH. Prior to drug loading (see Section 2.3
Remote loading of UNC0642 into preformed liposomes), particles were dialyzed against
Dulbecco’s phosphate buffered saline (PBS, Sigma-Aldrich, Saint Louis, MO) overnight
using 12-14 kDa regenerated cellulose membranes (Spectrum Labs, Rancho Dominguez,
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CA). Cholesterol concentration of the particles was measured using the Wako Cholesterol E
assay (Mountain View, CA) and used to determine the total lipid concentration.

2.3 Remote loading of UNC0642 into preformed liposomes
Prepared liposomes with pH gradient (see previous section) were combined with
UNC0642 dissolved in PBS to a final concentration of 5 mM total lipid and an initial
drug:lipid (molar) ratio of 0.1, 0.2, or 0.3. Loading mixture was incubated at 65 °C for 20
minutes before being dialyzed against PBS overnight to remove any unencapsulated
UNC0642. Dialyzed particles were sterile-filtered using a 0.2 µm syringe filter (Pall, Ville
St. Laurent, QB).

2.4 Characterization of UNC0642-LNP
Particle size and polydispersity index (PDI) were determined through dynamic light
scattering (DLS) using the Malvern Zetasizer NanoZS (Worcestershire, UK). Reported
values correspond to number mean diameters. Cholesterol concentration of the UNC0642LNP particles was determined using the Wako Cholesterol E assay (Mountain View, CA)
and converted to total lipid concentration (assuming a 55:45 molar ratio of
phospholipid:cholesterol). The concentration of UNC0642 in the loaded particles was
measured using absorbance at 250 nm (A250 in particles diluted to ~0.25 mM in 70%
isopropanol). Encapsulation efficiency (percent encapsulation) was determined through
comparison of the drug:lipid ratio of UNC0642-LNP pre- and post-dialysis to remove
unencapsulated UNC0642 (see Section 2.3 Remote loading of UNC0642 into preformed
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liposomes). Drug:lipid ratios were determined using the molar concentrations of UNC0642
and total lipid determined through A250 and Wako Cholesterol E assay, respectively.

2.5 Drug release assay of UNC0642-LNP incubated in PBS (37 °C)
POPC/Cholesterol or DSPC/Cholesterol particles diluted to a final concentration of
2.5 mM total lipid in PBS were added to 12-14 kDa dialysis membranes and incubated
against a 2000-times excess of PBS at 37 °C. At the indicated time points (0, 2, 8, 24, and 48
hours), an aliquot of the incubated sample was removed from the dialysis membrane for
analysis. Aliquots were analyzed to determine drug:lipid ratio as detailed in the previous
section and percent retention calculated relative to the t = 0 hours time point.

2.6 Drug release assay of UNC0642-LNP incubated in 50% FBS (37 °C)
POPC/Cholesterol or DSPC/Cholesterol UNC0642-LNP (0.2 drug:lipid ratio) diluted
to a final concentration of 2.5 mM total lipid in 50% FBS (in PBS) were added to 12-14 kDa
dialysis membranes and incubated in 100 mL of 50% FBS (diluted in PBS) with constant
stirring. 1 mL aliquots of the incubation solution on the exterior of the dialysis membranes
was removed at 0, 2, 8, and 24 hour time points. After each aliquot was taken, 1 mL of 50%
FBS in PBS was added to the incubation solution in order to keep the overall incubation
volume constant. After the 24-hour time point aliquot was collected, the dialysis membrane
was cut to fully release the UNC0642-LNP. An aliquot of this “full release” time point was
collected for analysis as well. The concentration of UNC0642 in the collected aliquots was
measured using ultra high pressure liquid chromatography (UHPLC) run on a Waters
Acquity H-Class UHPLC instrument equipped with an Acquity photodiode array detector.
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Prior to injection into the UHPLC instrument, samples were diluted by a factor of 4 with
UPLC-grade methanol, vortexed for 30 seconds at maximum, let sit 5 minutes at room
temperature, vortexed for 30 seconds at maximum and centrifuged (5 min/16 000 xg) to
precipitate a portion of the serum proteins present. The supernatant of the centrifuged
samples were run on an BEH C18 column at a flow rate of 0.306 mL/min, column
temperature of 55 °C, and injection volume of 5 µL. The mobile phase used was comprised
of a mixture of solvents A (0.1% acetic acid in water) and B (0.1% acetic acid in methanol).
The ratio of solvents A:B proceeded in three stepwise linear gradients: 1) 100:0 to 50:50 (010 minutes); 2) 50:50 to 0:100 (10-12 min); and 3) 0:100 to 100:0 (12-15 minutes).
Absorbance at 250 nm was used to quantify the concentration of UNC0642 in each sample
through use of a standard curve generated in 50% FBS. Percent drug release at each time
point was calculated relative to the amount of UNC0642 present in the full release aliquots.

2.7 Cryogenic transmission electron microscopy (cryo-TEM) of UNC0642-LNP
UNC0642-LNP (0.2 drug:lipid, molar) were concentrated (Amicon Ultra-15
Centrifuge Filter Units, Millipore, Billerica, MA) to a total lipid concentration of ~20 mg/mL
prior to analysis. Prior to concentration, a 1:1 dilution in water for injection (WFI) grade
water was made to avoid vesicle deformation upon concentration. Concentrated samples
were aliquoted (2-4 µL) onto glow-discharged copper grids and a FEI Mark IV Vitrobot
(FEI, Hillsboro, OR) was used to plunge-freeze loaded grids to generate vitreous ice. Frozen
samples were imaged using a FEI Titan Krios (FEI, Hillsboro, OR) at 300 kV and a Falcon
III direct electron detector. A nominal under-focus of 1-2 µm at a magnification of 47 000x
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was used to image samples with enhanced contrast. All samples were stored in liquid
nitrogen prior to imaging at the UBC Life Sciences Centre (UBC, Vancouver, BC).

2.8 In vitro anti-proliferation assays
Assays were performed using HoxA9/Meis1 leukemic cells harvested from leukemic
C57Bl/6 mice. Cells were originally generated through viral transduction as described
previously 114. Growth media was composed of DMEM with FBS (15%), penicillin,
streptomycin, L-glutamine, β-mercaptoethanol (1/100 000), and the following cytokines:
rmSCF (100 ng/mL), rmIL-3 (10 ng/mL), rhIL-6 (10 ng/mL) (Stem Cell Technologies).
Cells were plated in 6-well non-cell culture treated plates (Falcon/Corning Inc., Corning,
NY) at a density of 50 000 cells/well approximately 4 hours prior to treatment. Either free
UNC0642 or UNC0642-LNP (55:45 molar ratio of DSPC/Cholesterol, 0.2 drug:lipid ratio)
dissolved in PBS were diluted as necessary with PBS and added to the appropriate volume of
media to obtain final treatment concentrations of 0, 0.5, 1, 2, 4, or 6 µM UNC0642 (free
drug) or 0, 15, 30, 60, 90, 120, or 150 µM UNC0642 (UNC0642-LNP). Free drug or
UNC0642-LNP were diluted with PBS to 7.5% of the total treatment volume prior to further
dilution with media in order to maintain a constant PBS:media volume ratio. The final per
well treatment volume was 4 mL. Treated cells were incubated at 37 °C and 5% CO2 for a
total of 48 hours. Post-treatment, cells were harvested, pelleted and resuspended in a total
volume of 2 mL in fluorescent-activated cell sorting (FACS) buffer. An aliquot of this
resuspension was diluted 1:1 with CountBright Absolute Counting Beads (Molecular
Probes/Invitrogen, Eugene, OR) at an initial concentration of 1 million beads/ml prior to
running on BD LSR II flow cytometer and analysis using associated BD FACSDiva
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software. Cells were counted until a total of 1000 beads were recorded and final cell
concentration calculated based on the ratio of cells:beads counted.

2.9 In vitro cell uptake assays
Assays were performed using ex-vivo HoxA9/Meis1 leukemic cells harvested from
leukemic C57Bl/6 mice. In all treatments, empty DSPC/Cholesterol/DiI (55:44.8:0.2, molar)
liposomes were diluted with PBS to 7.5% of the total treatment volume prior to further
dilution with media in order to maintain a constant PBS:media volume ratio. Final treatment
concentrations used were 0, 46.38, 92.76, or 463.80 µg/mL total lipid. Treated cells were
incubated at 37 °C and 5% CO2 for a total of 48 hours. After treatment, cells were pelleted,
washed with FACS buffer once, re-pelleted, and resuspended in FACS buffer containing PI
stain. Cells were analyzed via FACS using a BD LSR II flow cytometer . Cells were
analyzed for their PI and DiI signals. Live cells (PI-negative) were assayed for LNP uptake
(DiI signal), with a total of 5 000 events collected per sample. Analysis was performed using
FlowJo software.

2.10 Single dose in vivo tolerability tests
All tolerability tests used female C57Bl/6 mice aged 10-12 weeks at injection
(Jackson Laboratory). Animals were injected with PBS, free UNC0642 dissolved in PBS, or
UNC0642-LNP (DSPC/Cholesterol, 55:45 molar ratio, loaded at 0.2 molar drug:lipid ratio)
in PBS. Free UNC0642 in PBS was sterile filtered using a 0.2 µm filter (Pall, Ville St.
Laurent, QB). Injections were delivered intravenously (IV) through tail vein at a volume of
10 µL per gram of body weight. Doses were based on mg of UNC0642 (free or LNP42

encapsulated) per kg animal body weight. Free UNC0642 injections were given at 5.0, 2.5,
and 1.25 mg/kg. UNC0642-LNP injections were given at 5.0, 7.5, 10, 15, and 20 mg/kg.
Following injection, animals were monitored closely for signs of acute toxicity for 30
minutes, monitored at 60 minutes, and again at 4-8 hours post injection. Animal health and
body weight was measured/scored using the Animal Monitoring Clinical Score Reference
and Recording Sheet for Drug Testing prior to injection and at all the above indicated
timepoints. Animals were weighed and their health was scored daily for 14 days following
injection to detect any long-term toxicity associated with a single dose. After the final health
and weight measurement, animals were euthanized via CO2 inhalation and a necropsy
performed to assess organ appearance. All procedures performed were approved by the
Animal Care Committee of the University of British Columbia and were performed in
accordance with guidelines established by the Canadian Council on Animal Care.

2.11 Multiple dose in vivo tolerability tests
Female CD57Bl/6 mice aged 10-12 weeks were injected with PBS, free UNC0642, or
UNC0642-LNP using a dose regimen of 2 injections per week for 4 weeks. Free drug was
injected at 1.25 mg UNC0642/kg body weight while the liposomal drug was administered at
5, 10, or 20 mg UNC0642/kg body weight. Injection details were identical to those of the
single dose tolerability experiments (see Section 2.10 Single dose in vivo tolerability tests).
Animals were monitored, weighed, and their health scored as detailed in the single dose
tolerability experiments (see Section 2.10 Single dose in vivo tolerability tests). 14 days after
the final injection, animals were euthanized via CO2 inhalation and their blood collected
through cardiac puncture. Whole blood was transferred to BD Microtainer SST tubes
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(Becton, Dickson, and Co., Franklin Lake, NJ), allowed to clot at room temperature for 1
hour, and centrifuged at 1300 xg for 3 minutes. Serum was isolated post-centrifugation and
stored at 4 °C prior to blood chemistry analysis (Chemistry Screen CHMSCW and LDH
tests, performed by IDEXX, Delta, BC). A necropsy was performed on euthanized animals to
assess general organ status via macroscopic observation. All procedures performed were
approved by the Animal Care Committee of the University of British Columbia and were
performed in accordance with guidelines established by the Canadian Council on Animal
Care.
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Chapter 3: Design, Characterization, and
Tolerability of UNC0642-LNP
3.1 Synopsis
Three stages of work are presented, corresponding to 1) Development and
characterization of a loading strategy to generate liposomes encapsulated with UNC0642
(UNC0642-LNP); 2) In vitro characterization of the UNC0642-LNP including drug
retention, structural, and cell culture studies; and 3) In vivo comparison of the tolerability of
free vs liposome-encapsulated UNC0642 using single- and multiple-dose regimens.
UNC0642 was successfully loaded into DSPC/Chol and POPC/Chol liposomes using
an ammonium sulfate/pH gradient technique to a maximum drug:lipid ratio (mol:mol) of 0.2.
Both particle compositions showed stable retention of the drug upon in vitro incubation in
PBS and 50% FBS at 37 °C with a maximum of ~10% and 20% drug release observed after
24 hours in particles containing DSPC or POPC, respectively. Cryo-TEM imaging of
UNC0642-LNP showed evidence of drug precipitation within the liposomes, likely
contributing to their stable release kinetics. In cell culture experiments, UNC0642-LNP
expressed a dose-dependent uptake into HoxA9/Meis1 leukemic cells and a 10-fold decrease
in anti-proliferative effect relative to the free drug. Single dose in vivo tolerability tests of
UNC0642-LNP injection showed a complete elimination of the acute toxicity response
associated with the free drug, even at doses 8-times higher than the maximum tolerated dose
of free UNC0642 (20 mg/kg vs 2.5 mg/kg). Furthermore, no substantial long-term toxicity
was observed following single injection of either free or encapsulated drug at these doses.
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The UNC0642-LNP showed compatibility with multiple-dose regimens (2 IV
injections/week for 4 weeks) with no acute toxicity observed and no major signs of chronic
adverse effects detected (based on animal health scores, body weight, and blood chemistry).
Overall, this work presents a promising liposomal formulation of UNC0642 that is
well suited for further pre-clinical tests in animal models of AML.

3.2 Results
3.2.1 UNC0642 can be efficiently encapsulated in DSPC/Chol and POPC/Chol
liposomes via remote loading
Due to the weak base characteristics of UNC0642, which contains multiple ionizable
basic nitrogens as seen in Figure 1, it was hypothesized that a remote loading strategy could
be used to obtain efficient loading of the drug into pre-formed liposomes. To this end,
DSPC/Chol (55:45, molar) or POPC/Chol (55:45, molar) liposomes were prepared
containing 300 mM ammonium sulfate in their aqueous core and PBS as an exterior buffer
(see Figure 2 for structures of lipid components). DLS analysis of the particles showed a
monodisperse population (PDI <0.1) of uniformly-sized ~80 nm particles (Table 3). These
liposomes were loaded at 5 mM total lipid at 65 °C for 20 minutes, after which any
unentrapped UNC0642 was removed via dialysis. Particles were loaded at initial target
drug:lipid ratios of 0.1, 0.2, or 0.3 (mol:mol). Drug:lipid ratios were assayed for samples
taken before and after dialysis, and used to calculate percent entrapment.
As shown in Figure 3A, efficient loading was achieved for both DSPC/Chol and
POPC/Chol particles at an initial target drug:lipid ratio of 0.1 (encapsulation efficiencies of
95.5% ±1.65% and 96.9% ± 1.60%, respectively) as well as 0.2 (encapsulation efficiency of
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92.1% ±1.44% and 86.0% ± 1.94%, respectively). Increasing the initial target ratio to 0.3
resulted in marked decreases in encapsulation efficiency and values of 66.5% ± 1.93% and
56.9% ±1.23% for DSPC/Chol and POPC/Chol particles, respectively. When evaluating the
final drug:lipid ratio obtained after dialysis to remove unencapsulated drug (Figure 3B), the
final ratios were similar to the initial loading ratios for DSPC/Chol and POPC/Chol particles
when loaded at 0.1 or 0.2 drug:lipid. However, when particles were loaded at a target ratio of
0.3, the final ratio obtained after dialysis to remove unencapsulated drug was only slightly
higher than 0.2 (0.22 ± 0.0063 and 0.21 ± 0.0045 for DSPC/Chol and POPC/Chol particles,
respectively). This indicated a maximum final ratio achievable of ~0.2, regardless of whether
the initial ratio is increased past this point.

47

Figure 2. Chemical structure of liposome lipid components of UNC0642-LNP.
Liposomes used to generate UNC0642-LNP were composed of a 55:45 molar ratio of
phospholipid:cholesterol. The phospholipids DSPC and POPC were used in this study.

Table 3. Particle size parameters for liposomes used to generate UNC0642-LNP.
Lipid Composition

Mean Diameter ± SD (nm)

PDI

DSPC/Chol (55:45)

79.66 ± 5.71

0.050

POPC/Chol (55:45)

78 ± 3.26

0.048
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Percent Encapsulation (%)

A
100
90
80

DSPC

70

POPC

60
50
0
0.0

0.1

0.2

0.3

0.4

Loading Drug:Lipid (mol:mol)

Final Drug:Lipid (mol:mol)

B
0.25
0.20
0.15

DSPC

0.10

POPC

0.05
0.00
0.0

0.1

0.2

0.3

0.4

Loading Drug:Lipid (mol:mol)
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Figure 3. UNC0642 can be encapsulated in DSPC/Chol or POPC/Chol liposomes to a
maximum 0.2 drug:lipid (molar) via remote loading.
Percent encapsulation (A) and final drug:lipid (mol:mol) ratios achieved (B) as a function of
initial drug:lipid (mol:mol) during loading for DSPC/Chol and POPC/Chol (55:45, molar)
liposomes loaded with UNC0642. Particles were loaded at 65 °C, 5 mM total lipid for 20
minutes followed by overnight dialysis against PBS to remove any unencapsulated drug.
Encapsulation determined through quantification of UNC0642 and total lipid and represented
as a percentage of the pre-dialysis loading drug:lipid ratio. Results represent the mean of
three replicates ± SD.

3.2.2 Limited drug release is observed from UNC0642-LNP upon incubation in 37 °C
PBS or 50% FBS
We began characterization of the UNC0642-LNP by analyzing drug release rates
from the particles in a basic mimic of biological conditions. Conditions included PBS to
mirror natural salinity upon venous injection and a temperature of 37 °C to mimic natural
body temperature. DSPC/Chol or POPC/Chol particles (55:45, molar) loaded with UNC0642
at a drug:lipid ratio of 0.2 were incubated in the above conditions at a concentration of 2.5
mM total lipid in dialysis tubing. This allowed for any drug released from the particles to
escape into the vast excess of incubation buffer while retaining the loaded particles. Aliquots
of the incubated solution (interior of dialysis tubing) were removed at 0, 2, 8, 24, and 48
hours and assayed for concentration of UNC0642 and total lipid. As shown in Figure 4,
limited release was observed for the DSPC/Chol particles, with 91.2% ± 0.2% and 89.3% ±
1.8% percent retention observed after 24 and 48 hours incubation, respectively. A relatively
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greater degree of release was observed for the POPC/Chol particles, which showed 85.5% ±
2.3% and 67.7% ± 2.7% retention at 24 and 48 hours respectively. Overall, the POPC/Chol
particles released 5.7% more drug than the DSPC/Chol particles after 24 hours and 21.6%
more drug after 48 hours of incubation.

Drug Retention (%)

100
90
80

DSPC

70

POPC

60
50
0

0

8

16

24

32

40

48

Time (hours)
Figure 4. Limited drug release is obtained upon incubation of DSPC/Chol or
POPC/Chol UNC0642-LNP in PBS at 37 °C.
Drug retention of UNC0642-LNP composed of DSPC/Cholesterol and POPC/Cholesterol
(55:45, mol:mol) as a function of time (hours) incubated against PBS at 37 °C. Particles
initially containing 0.2 molar drug:lipid ratio were incubated at a concentration of 2.5 mM
total lipid. Encapsulation was determined through quantification of UNC0642 and total lipid
concentration at each time point and presented as a percentage of the drug:lipid ratio
measured at t = 0 hours. Results represent the mean of three replicates ± SD.
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To obtain release data using a more accurate mimic of physiological conditions post
venous injection, release experiments were repeated using 50% FBS in PBS at 37 °C. This
allowed for the introduction of lipoproteins to the incubation conditions, which have
previously been shown to play a key role in nanoparticle destabilization in vitro and in vivo
80,81

. Despite these changes to the incubation conditions, only a small increase to the drug

release rate was observed for either DSPC/Chol or POPC/Chol formulations compared to
PBS incubation. As shown in Figure 5, after 24 hours of incubation, drug retentions of 91.1%
± 2.4% and 79.6% ± 2.0% were observed for the DSPC/Chol and POPC/Chol particles,
respectively. Compared to the values observed for PBS after 24 hours (Figure 4, 91.2% ±
0.2% and 85.5% ± 2.3% for particles containing DSPC and POPC, respectively), there was
only a minor change in the amount of drug released (5.9% greater release in 50% FBS for
POPC/Chol) or no change (overlapping error bars for PBS vs 50% FBS incubations of
DSPC/Chol particles).
Since the ultimate objective of this thesis was to decrease the inherent toxicity of free
UNC0642 through stable liposomal encapsulation, the DSPC/Chol formulations at 0.2
drug:lipid (mol:mol) were selected for further characterization and testing. These particles
exhibited the highest degree of drug retention in both PBS and 50% FBS at 37 °C, indicating
that they were able to stably encapsulate the drug even after prolonged exposure to simulated
physiological conditions. This stable retention was desirable in further experiments
evaluating the effect of encapsulation on toxicity as it was expected to help eliminate the
potentially confounding influences of free drug leaking from less stable systems.
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Figure 5. Incubation in 50% FBS in PBS results in increased but still limited drug
release rates.
Drug retention rates of UNC0642-LNP composed of DSPC/Cholesterol and
POPC/Cholesterol (55:45, mol:mol) after incubation against 50% FBS in PBS at 37 °C.
Particles initially contained 0.2 molar drug:lipid ratio and were incubated at a concentration
of 2.5 mM total lipid. Drug retention was quantified using UHPLC assay to determine
released drug concentration using a fixed total volume. Percent encapsulation was reported
relative to [UNC0642] measured at 100% release. Results represent the mean of three
replicates ± SD.
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3.2.3 Cryo-TEM imaging of DSPC/Chol UNC0642-LNP reveals amorphous spot
patterns of electron density within the liposome interior
Due to the high degree of drug retention observed in the previous release studies, we
performed structural evaluations of the UNC0642-LNP formulations. As shown in Figure 6,
the DSPC/Chol particles, which previously exhibited the highest drug retention, showed a
typical bilayer structure, with sizes in agreement with those obtained via DLS (~80 nm).
Interestingly, amorphous and electron dense structures were observable in the aqueous core
of most liposomes (red arrows). This structure was observable in the vast majority of the
UNC0642-LNP particles visualized and appeared only within the liposome interior. A small
number particles (white arrows) did not show the amorphous spots of electron density.

54

A

B

55

Figure 6. Cryo-TEM imaging of DSPC/Chol particles show amorphous and electron
dense structures on the liposome interior.
Two representative cryo-TEM images of DSPC/Cholesterol (55:45, mol:mol) liposomes
containing UNC0642 at a molar drug:lipid ratio of 0.2. Red arrows indicate loaded liposomes
containing amorphous precipitate, while the white arrow indicates a liposome without
amorphous precipitate. Panels A and B were imaged using the same sample of UNC0642LNP. Scale bar = 100 nm.

3.2.4 In vitro studies in HoxA9/Meis1 murine leukemia cells show dose-dependent
liposome uptake and lower anti-proliferative effect in UN0642-LNP compared to free
UNC0642
To further characterize the in vitro properties of the UNC0642-LNP, we performed
cell culture experiments using an AML cell line overexpressing HoxA9/Meis1 oncogenes.
The first series of experiments focused on evaluation of the ability of these cells to take up
the nanoparticles of interest. To quantify this, liposomes labeled with a small amount of
fluorescent lipophilic dye (DiI) were prepared at a molar composition of 55:44.8:0.2
DSPC/Cholesterol/DiI. These fluorescent particles were added to cells in culture at
concentrations of 46.38, 92.76, and 463.80 µg/mL total lipid (approximating in vivo
injections at 0.5, 1.0, and 5.0 mg/kg). Treatments were incubated for 48 hours and uptake
quantified via fluorescence analysis using FACS. The results of this study (Figure 7) show a
dose-dependent increase in the mean fluorescence intensity (MFI) observed per cell. For the
46.38, 92.76 and 463.80 µg/mL treatments, a relative increase of approximately 4, 5, and 1656

fold was observed, respectively. This corresponds to a near linear correlation between
treatment concentration and corresponding mean fluorescence intensity per cell.
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Figure 7. HoxA9/Meis1 AML cells incubated with fluorescent liposomes display a dosedependent increase in mean cell fluorescence.
Quantification of UNC0642-LNP uptake (percent relative increase of mean fluorescence
intensity per cell) as a function of particle concentration (µg/mL total lipid). in HoxA9/Meis1
leukemia cells. Cells were treated with indicated concentrations of DSPC/Cholesterol/DiI
liposomes (55:44.8:0.2, molar) for 48 hours prior to quantification of mean fluorescence
intensity per cell via FACS. 5 000 events were collected per sample, selecting for live cells
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using PI staining. Mean fluorescence intensity was normalized to that of the PBS control.
Results represent the mean of three replicates ± SD.

Further in vitro studies were performed to evaluate the anti-proliferative effects of
UNC0642 in its free vs liposome encapsulated forms. To this end, HoxA9/Meis1 cells were
treated for 5 days with increasing concentrations of either free UNC0642 dissolved in PBS
(Figure 8A) or UNC0642-LNP composed of DSPC/Chol (55:45, mol:mol) (Figure 8B). Both
treatments showed a dose-dependent decrease in the number of viable cells counted after five
days of treatment. Approximately 10-times higher concentrations of UNC0642-LNP were
required to obtain the same degree of anti-proliferative effect as the free UNC042 treatments.
As an example, 60 µM of UNC0642-LNP yielded an average final cell count of 421 ± 29,
while a similar final cell count was observed for 6 µM of free UNC0642 (391 ± 97 cells).
The UNC0642-LNP treatments appeared to reach a plateau in anti-proliferative effect at
approximately 120 µM encapsulated UNC0642, after which further increases resulted in only
limited reductions in final cell counts.
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Figure 8. UNC0642-LNP causes a dose-dependent inhibition of proliferation in in
HoxA9/Meis1 cells at a scale 10x less than free UNC0642.
Cells were treated at with either free UNC0642 (A) or DSPC/Cholesterol (55:45, molar)
liposomes containing UNC0642 at a drug:lipid (molar) ratio of 0.2 (B). Free drug was
administered at concentrations of 0.5, 1, 2, 4, or 6 µM UNC0642. UNC0642-LNP was dosed
at concentrations of 15, 30, 60, 90, 120, or 150 µM of encapsulated UNC0642. At the time of
treatment, 50 000 cells were plated per 4 mL well. The number of live cells (screened using
PI staining) were quantified after 5 days of treatment using FACS. Results represent the
mean of three replicates ± SD.

3.2.5 Liposomal encapsulation completely abolishes the acute toxicity of UNC0642 and
results in no substantial long-term toxic after a single injection
The ultimate test of determining the effect of liposomal encapsulation on the toxicity
of UNC0642 was to perform a series in vivo tolerability experiments comparing free vs
encapsulated drug. To this end, the first test performed was a single dose tolerability study in
which C57Bl/6 mice were injected IV with varying doses of the two drug formats. Although
a single dose does not closely mirror the more regular dosing schedules that would be used
for leukemia treatment, this test offered an informative baseline for determining tolerated
doses for future experiments. Injections began at a UNC0642 concentration of 5.0 mg/kg and
were either increased (if the 5.0 mg/kg injection was well tolerated) or decreased (if the 5.0
mg/kg injection was poorly tolerated). Acute response to injection was scored using a
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detailed animal health monitoring sheet (Animal Monitoring Clinical Score Reference and
Recording Sheet for Drug Testing), which included dedicated scores to appearance, activity,
neurological response, etc. In all categories, higher scores indicated a decline in animal
health.
An injection of 5.0 mg/kg free UNC0642 led to a severe acute response, as indicated
by the sharp increase in the observed cumulative health score shown in Figure 9A. Within 10
minutes of injection, clear signs of toxicity were observed including intense piloerection,
hunching, and a complete lack of movement. Furthermore, a major contributor to the
increase in cumulative health score was the dramatic increase in neurological score,
characterized by sever seizures (Figure 9B). These seizures progressed in severity to a
humane endpoint at 11 minutes post-injection and the animal was sacrificed immediately.
According to standard tolerability study protocol, the injected dose was halved to 2.5 mg/kg
free UNC0642 in the next experimental group. Similar to the 5.0 mg/kg free drug injection,
an acute response was observed within minutes after injection but to a lesser degree. All
injected animals again exhibited numerous adverse side effects upon injection, including
seizure. However, after a peak at 8 minutes post-injection, this response began to subside.
Between 30-60 minutes post injection, recovery was complete with no adverse signs of poor
health. When the injected dose of free drug was again lowered to 1.25 mg/kg, the acute
response was even less intense with full recovery after 30 minutes. The response at 1.25
mg/kg free drug did include a neurological component of lesser severity, with slightly
inhibited motor coordination and an unnatural rapid nodding of the head akin to a minor
seizure.
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In contrast to the free drug, UNC0642-LNP administered at 5.0 mg/kg showed a
complete lack of acute response to the injection. There was an exact overlap of the average
cumulative score curves of the 5.0 mg/kg UNC0642-LNP treatment and the PBS control.
The same overlap was observed in the average neurological score curve, demonstrating a
complete lack of observable neurotoxicity. When doses were increased to 7.5, 10.0, 15.0, and
20.0 mg/kg of UNC0642-LNP, the complete lack of an acute clinical response was
maintained, with no negative impacts on any of the scored health categories. Importantly,
this included a complete lack of any increase in average neurological score in any of the
UNC0642-LNP doses.
After the above detailed single injections of free or liposomal UNC0642, animals
were monitored for 14 days for signs of chronic toxicity. Monitoring included daily weighing
and scoring using the same health monitoring system as for the acute observations. As shown
in Figure 10A, single injections of either form of the drug did not result in major increases in
the cumulative health scores of the animals. Though both the highest concentrations of the
UNC0642-LNP (20 mg/kg) and free UNC0642 (2.5 mg/kg) curves do show significant
increase compared to the PBS control, the highest magnitude of this increase was 1.0 for
UNC0642-LNP and 1.3 for free UNC0642. Lower injections of either form of the drug
resulted in similar trends to the highest concentration, with near complete overlap between
the average cumulative score curves. When considering the effects of injection on body
weight (Figure 10B), no significant difference was observed between the injections of the
PBS control, highest concentration of UNC0642-LNP (20 mg/kg), or highest concentration
of free drug (2.5 mg/kg). This overlap was maintained at all injected doses for free and
encapsulated drug but these curves were excluded from Figure 10 for clarity.
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Figure 9. Liposomal encapsulation eliminates the dose-dependent acute toxicity of
UNC0642.
Average cumulative clinical score (A) and average neurological score (B) vs time post
injection (min) for C57BL/6 mice (female, 10-12 weeks old) injected with various
concentrations of free (“Free”) or liposome-encapsulated (“LNP”) UNC0642. Liposomal
formulations were composed of DSPC/Cholesterol (55:45, molar) and were loaded with
UNC0642 at a molar drug:lipid ratio of 0.2. All injected compounds were dissolved in PBS
and delivered IV through tail vein injection. Doses were given at mg of UNC0642 per kg of
animal body weight. Injection volumes were given at 10 µL per gram of body weight.
UNC0642-LNP were also injected at 5.0, 7.5, and 10.0 mg/kg but curves overlapped
significantly with 20 mg/kg UNC0642-LNP curves and were excluded for clarity. Results
reflect the mean of three replicate animals ± SD for all injections with the exception of the
5.0 mg/kg free drug treatment, which reflects the results from one injection.
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Figure 10. UNC0642-LNP and free UNC0642 show no signs of significant longitudinal
toxicity following a single dose.
Average cumulative clinical score (A) and average percent change in body weight (B) as a
function of time post injection (days) for C57BL/6 mice (female, 10-12 weeks old) injected
once with various concentrations of free or liposome-encapsulated UNC0642 (“Free” and
“LNP” treatments, respectively). Liposome-encapsulated formulations were composed of
DSPC/Cholesterol (55:45, molar) loaded with UNC0642 at a molar drug:lipid ratio of 0.2.
All injected compounds were dissolved in PBS and delivered IV through tail vein injection.
Doses were given at mg of UNC0642 per kg of animal body weight. Injection volumes were
given at 10 µL per gram of body weight. Results reflect the mean of three replicate animals ±
SD.
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3.2.6 When administered using a multiple-dose regimen (2 injections/week, 4 weeks),
low doses of free drug (1.25 mg/kg) and high doses of UNC0642-LNP (20 mg/kg) are
tolerated with only minor signs of toxicity
To more accurately replicate a dosing regimen that would be used in leukemia
treatment, tolerability studies were performed using 2 injections/week for a total of 4 weeks.
Injections were made at 1.25 mg/kg free drug and 5, 10, or 20 mg/kg UNC0642-LNP. Daily
monitoring of both clinical health score and body weight was recorded as in the single dose
tolerability study for 4 weeks of injections followed by a 14-day observation period to check
for signs of long-term toxicity.
As shown in Figure 11A, even the control group receiving PBS injections showed an
increase in clinical score after the first week of injections. Though the cumulative score
fluctuated throughout the duration of the experiment the overall increase was relatively
minor and ranged between 0-1.83. Injections with 1.25 mg/kg led to significantly increased
average clinical scores throughout the study. Though the score curves for PBS and the free
drug injections overlapped in a small number of days, the majority of the days showed a
significant difference between the two.
Repeated injection of UNC0642-LNP also led to an increase in average clinical score.
This increase was not as large as was observed for the free UNC0642 treatments group when
considering the magnitude of the average increase. However, the majority of the days show
no significant difference between the free UNC0642 and UNC0642-LNP curves (i.e.
overlapping error bars). For both the free and encapsulated drug treatments, the largest
deviation from the PBS control score was observed on days 23 and 24. During these days,
both the 1.25 mg/kg free drug and 20 mg/kg UNC0642-LNP showed a score that was ~2
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units higher than the PBS control. It should be noted that the curves for 5.0 and 10.0mg/kg
UNC0642-LNP overlapped almost completely with the 20 mg/kg UNC0642-LNP curve and
were therefore excluded from Figure 11 and Figure 12 for clarity. Overall, similar average
cumulative clinical score curves were obtained for multiple-dose injections of free drug at
1.25 mg/kg and encapsulated UNC0642 at a dose 16-times higher (20 mg/kg).
Figure 11B shows that no significant negative impact was observed on animal body
weight upon multiple injections with either free or liposome-encapsulated UNC0642. As
with the average cumulative health score data, the treatment groups receiving UNC0642LNP injections at 5.0 and 10.0 mg/kg were comparable to that of the 20.0 mg/kg group and
were excluded for clarity.
As with the single dose tolerability studies, animals were monitored closely for 60
minutes following each injection to detect any signs of acute toxicity. Results of these acute
observations for the 8th and final injection of the multiple-dose study (Figure 12) were
similar to those obtained after a single dose (Figure 9). Notably, the ability of liposomal
encapsulation to completely abolish the severe acute response caused by the free drug, even
at concentrations 16-times higher, was maintained from injection 1 to injection 8 of the
multiple dose study. Again, as seen in the single dose experiments, this amelioration of the
acute response resulted in a complete lack of any negative impact on neurological health. In
contrast, animals treated with free drug continued to experience severe neurological and
other clinical signs of compromised health following each injection, though they were shown
to recover within 30-60 minutes post-injection.
Blood samples were collected from animals 14 days following their final injection to
look for any signs of chronic toxicity using blood chemistry analysis. The results of these
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analyses (Figure 13) show very limited differences between the PBS control and any of the
experimental treatments including the 1.25 mg/kg free drug injection or any of the three
UNC0642-LNP injections. 2-way ANOVA comparison of each experimental group to the
PBS control were performed for each of the four biomarker sets (Figure 13 A-D). When
considering biomarkers of liver health, (Figure 13A), no significant differences were
observed for alanine transaminase (ALT), alkaline phosphatase (ALP) or gamma-glutamyl
transferase (GGT). The only significant increase seen for aspartate transaminase (AST)
levels was the 5.0 mg/kg UNC0642-LNP treatment, in which there was an approximately 3fold increase in biomarker levels. All other treatments showed no significant change in AST
levels.
Biomarkers of general protein concentration (Figure 13B) showed the most
significant differences between the experimental groups and the PBS control. A significant
decrease in total protein concentration was seen for all four experimental groups. The largest
decrease, 6.0 g/L, was seen for 5.0 mg/kg UNC0642-LNP, while the smallest decrease (3.7
g/L) was observed in the 20 mg/kg UNC0642-LNP animals. Globulin levels were quite
similar, but a small significant difference was observed for the 1.25 mg/kg free drug and 5.0
mg/kg UNC0642-LNP treatments (decreases of 3.0 and 3.5 g/L, respectively). No significant
changes were seen for Albumin or albumin/globulin (A/G) ratio for any of the experimental
groups.
No significant differences were seen for either of the tissue damage biomarkers,
lactate dehydrogenase (LDH) and creatine kinase (CK), as shown in Figure 13C. Similarly,
there was neither a significant increase or decrease in the levels of the kidney biomarkers,
blood urea nitrogen (BUN) and symmetric dimethylarginine (SDMA) (Figure 13D).
69

Significantly decreased levels of creatinine were observed for the two highest UNC0642LNP treatments, with a decrease of 4.8 and 4.3 µmol/L observed for the 10 and 20 mg/kg
UNC0642-LNP treatments, respectively.
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Figure 11. Multiple dose regimens of UNC0642 or UNC0642-LNP injection show
limited indications of long-term toxicity based on body weight and clinical health score.
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Average cumulative clinical health score (A) and average percent change in body weight (B)
as a function of days post injection for C57BL/6 mice (female, 10-12 weeks old) injected 2
times per week for 4 weeks with various concentrations of free or liposome-encapsulated
UNC0642 (“Free” or “LNP” treatments, respectively). Liposome-encapsulated formulations
were composed of DSPC/Cholesterol (55:45, molar) loaded with UNC0642 at a molar
drug:lipid ratio of 0.2. All injected compounds were dissolved in PBS and delivered IV
through tail vein injection. Doses were given at mg of UNC0642 per kg of animal body
weight. Injection volumes were given at 10 µL per gram of body weight and injections were
administered on days 1, 4, 8, 11, 15, 18, 22, and 25. Results reflect the mean of three
replicate animals ± SD (PBS and 1.25 mg/kg free UNC0642 treatments) or four replicate
animals ± SD (all UNC0642-LNP treatments).
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Figure 12. The ability of liposomal encapsulation to abolish the acute toxic effects of
UNC0642 injection is maintained through multiple injections.
Average cumulative clinical score (A) and average neurological score (B) vs time post
injection (min) for C57BL/6 mice (female, 10-12 weeks old) after the 8th injection of a 4week regimen (2 injections/week) using various concentrations of free or liposomeencapsulated UNC0642 (“Free” or “LNP” treatments, respectively). Liposomal formulations
were composed of DSPC/Cholesterol (55:45, molar) and were loaded with UNC0642 at a
molar drug:lipid ratio of 0.2. All injected compounds were dissolved in PBS and delivered
IV through tail vein injection. Doses were given at mg of UNC0642 per kg of animal body
weight. Injection volumes were given at 10 µL per gram of body weight. UNC0642-LNP
were also injected at 5.0 and 10.0 mg/kg but curves overlapped with 20 mg/kg UNC0642LNP curves and were excluded for clarity. Results reflect the mean of three replicate animals
± SD (PBS and 1.25 mg/kg free UNC0642 treatments) and four replicate animals ± SD (all
UNC0642-LNP treatments).
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Figure 13. Blood chemistry analysis of animals measured after completion of a multiple
dose regimen shows no clear signs of substantial chronic toxicity for low doses of free
drug (1.25 mg/kg) or high doses of UNC0642-LNP (20 mg/kg).
Blood chemistry results for C57BL/6 mice (female, 10-12 weeks old) injected 2 times per
week for 4 weeks with various concentrations of free UNC0642 or liposome-encapsulated
UNC0642 (“Free” or “LNP” treatments, respectively). Analytes measured include
biomarkers of liver health (A), general protein concentration (B), tissue damage (C), and
kidney function (D). Measures were taken from serum harvested via cardiac puncture
performed on animals sacrificed 14 days following final injection. Liposome-encapsulated
formulations were composed of DSPC/Cholesterol (55:45, molar) loaded with UNC0642 at a
molar drug:lipid ratio of 0.2. All injected compounds were dissolved in PBS and delivered
IV through tail vein injection. Doses were given at mg of UNC0642 per kg of animal body
weight. Results reflect the mean of three replicate animals ± SD (PBS and 1.25 mg/kg free
UNC0642 treatments) and four replicate animals ± SD (all UNC0642-LNP treatments).
Abbreviations used: ALT (Alanine Transaminase), AST (Aspartate Transaminase), ALP
(Alkaline Phosphatase), GGT (Gamma-Glutamyl Transferase, A/G (Albumin/Globulin),
LDH (Lactate Dehydrogenase), CK (Creatine Kinase), BUN (Blood Urea Nitrogen), SDMA
(Symmetric Dimethylarginine).

3.3 Discussion
The findings from this work strongly support the initial hypothesis that liposomal
encapsulation of UNC0642 would decrease the inherent in vivo toxicity of the small
molecule. These results provide thorough characterization of the UNC0642-LNP, including
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initial loading strategy, in vitro structure and retention characteristics, and clear
demonstrations of reduced toxicity in vivo using both single and multiple-dose regimens.
Two topics warrant further discussion after evaluation of these results. The first relates to the
loading and retention of UNC0642 into the liposomes and how these processes may be
influenced by drug precipitation within the interior of the particles. The second concerns the
mechanism through which nanoparticle encapsulation is able to alter the bioavailability and,
consequently, the toxicity of UNC0642.
With respect to development of a loading strategy to generate UN0642-LNP, remote
loading has been well established as an efficient method for the encapsulation of weak base
small molecule therapeutics (see Section 1.1.4 Techniques for encapsulating therapeutics
within liposomes). As such, the observations that UNC0642 was successfully loaded into
DSPC/Chol and POPC/Chol LNP using this method to final drug:lipid ratios of 0.1 and 0.2
were not surprising and largely expected (Figure 3). As initial loading ratios were pushed
past this point, a drop in percent encapsulation was observed, which corresponded to a
plateau in achievable final drug:lipid ratios. This drop in percent encapsulation was also
expected and can be rationalized based on previous studies. An initial justification for a
maximum loading capacity for pH gradient liposomes is based on exhaustion of the proton
gradient on which the systems rely on for effective drug encapsulation, a phenomenon that
has been proposed previously 118. As more and more drug is introduced to a fixed
concentration of pH gradient liposomes, it logically follows that there will come a point at
which the free protons present on the liposome interior will effectively be depleted. At this
point, any non-protonated free drug would be able to exit the liposome and avoid effective
encapsulation. However, though this gradient exhaustion rationale has been supported by
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other small molecule-liposome systems, the observation of amorphous, electron dense spot
patterns on the interior of UNC0642-LNP upon cryo-TEM imaging may suggest additional
factors contributing to the plateau in loading capacity at 0.2 drug:lipid. These patterns are
thought to be precipitation of the drug into amorphous granular structures caused by the high
local concentration of the drug upon remote loading. Similar patterns of amorphous electron
density spots have been observed in other small molecule-loaded liposomes, specifically
Sphingomyelin/Chol systems loaded with the chemotherapeutic vincristine 83. In these
systems, increasing drug:lipid ratios yielded observations of a general increase in electron
density in the liposome interior, suggesting precipitation into an amorphous gel with no clear
structure. However, increasing the drug:lipid ratio past 1.03 (wt/wt) led to visualization of
distinct granular structures with high electron density. Though not as prominent as the
structures observed in vincristine loaded liposomes, the UNC0642-LNP imaged in Figure 6
showed a consistent granular structure of electron density in the majority of the liposome
cores. This structure was distinct from the small subpopulation of liposomes which showed
no such pattern (example indicated by white arrow), and was likely caused by a granular
precipitate of UNC0642. Though drug precipitation has been observed for a variety of small
molecules upon remote loading, including topotecan, doxorubicin, and mitoxantrone, the
precipitates are most commonly seen as clearly defined, long, and thin bundles or crystals 54.
Vincristine, vinorelbine, and potentially UNC0642 are therefore unique in that precipitation
occurs in a less structured, granular form. All of the aforementioned precipitate types
(including both rod and granular forms) have been shown to disrupt the ammonium/pH
gradient driving drug encapsulation 118. More specifically, the precipitates have been shown
to lead to a disruption of the liposomal membrane leading to leakage of the aqueous
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liposome interior. Though such leakage is seen at lower levels in liposomes encapsulating
drugs that precipitate amorphously, this phenomenon could help to explain the loss of
percent encapsulation seen for the UNC0642-LNP at drug:lipid ratios above 0.2. Further
studies would be required to confirm and characterize the precipitation of UNC0642. These
would entail preparing UNC0642-LNP at increasing drug:lipid ratios for 1) Imaging them via
cryo-TEM to look for a corresponding increase in precipitate formation; and 2) Performing
release experiments to look for a relationship between drug:lipid ratio and rate of drug
release. These experiments are discussed in more detail in Chapter 4: Conclusion and Future
Directions.
Precipitation has also been shown to affect drug release rates from loaded liposomes,
increasing the overall stability of the drug within the liposome interior and leading to slower
release rates over time at higher drug:lipid ratios. These trends have been observed in
doxorubicin, vincristine, and vinorelbine loaded liposomes, all of which exhibit drug
precipitation 119. In short, precipitation of these drugs within the liposomes leads to an
equilibrium being formed between the soluble and precipitated forms of the small molecule.
This effectively decreases the amount of drug in its soluble form compared to a scenario in
which there is no precipitation. Since drug release rate from liposomes, according to Fick’s
law, is proportional to the concentration gradient of drug across the liposomal membrane and
thus the amount of soluble drug contained within the liposome interior, an effective reduction
of the amount of soluble drug present leads to a slower release rate. This could help to
explain the high degree of stability observed in the UNC0642 particles in both PBS (Figure
4) and 50% FBS (Figure 5).
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Though a high degree of retention was seen in both DSPC/Chol and POPC/Chol
particles, the latter showed an increase rate of release. This was an expected result and can be
rationalized due to the greater degree of unsaturation in POPC’s acyl chains compared to
those of DSPC (see Figure 2). It is fundamentally understood that introducing units of
unsaturation into lipid acyl chains leads to increased membrane fluidity and a lower phase
transition temperature (Tm) for a given species or mixture of lipid species 120. In the context
of drug-loaded liposomes, this increase in membrane fluidity can lead to the interior
components of a liposome being more easily able to leak from the nanoparticle. This leakage
can include the entrapped drug molecules, ammonium ions or protons necessary for the pH
gradient driving drug encapsulation, as well as other potentially stabilizing species such as
sulfate ions. In all three of these cases, this increase in membrane fluidity leads to a
compromised ability to effectively retain any encapsulated drug. For these reasons, it was
expected that the particles containing POPC (phospholipid Tm = -2 °C for pure phospholipid)
showed greater drug release than those with DSPC (phospholipid Tm = 55 °C) 121.
With respect to the second topic of discussion, namely the mechanism through which
liposomal encapsulation affects the inherent toxicity of UNC0642, clear indications of
altered bioavailability are present in the results obtained. It was hypothesized that
nanoparticle entrapment would lead to altered bioavailability of the drug and, by doing so,
would help eliminate its off-target side effects. The in vitro anti-proliferation experiment
results showed a clear difference in the activity of free vs liposomal UNC0642 that likely
arose from such changes in bioavailability (Figure 8). The approximately 10-fold difference
in anti-proliferative effect of the UNC0642-LNP compared to free drug was probably caused
by the cells being less able to access the drug in its encapsulated form. This reduced
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availability could have arose due to a number of factors. As seen in the drug retention
studies, a portion of the drug was released from the DSPC/Chol particles (approximately 9%
per day) when incubated in similar conditions (Figure 5). As such, a major component of the
activity of UNC0642-LNP was likely due to slow leakage of the payload from the
nanoparticles and subsequent uptake of the leaked free drug by the cells. Another important
contribution to UNC0642-LNP activity was the direct uptake of the particles themselves. As
indicated by the results in Figure 7, there was a linear increase in uptake of DSPC/Chol/DiI
particles in response to increasing treatment concentration in HoxA9/Meis1 cells (indicated
by an increase in mean fluorescence intensity per cell). The correlation between increased
cell fluorescence and particle uptake has been established previously, with past studies
showing stable association of DiI with liposomal carriers under similar cell culture
conditions 122. Furthermore, studies performed in our group characterizing lipid exchange
upon incubation in 100% mouse plasma have shown a similar stable association of DiI with
liposomes (data not published). However, though the results in Figure 7 indicate that there
was some degree of UNC0642-LNP uptake by the AML cells, the magnitude of this uptake
in terms of the number of particles taken up per cell and intracellular concentration cannot be
exactly determined. Furthermore, particle uptake by the AML cells did not guarantee that the
encapsulated drug was bioavailable. If taken up into the endosomal compartment, the
UNC0642 payload would have to have escaped not only its liposomal carrier but also the
endosome itself. Without the aid of any lipid component that facilitates such endosomal
release, it is possible that particles in the endosome were ultimately trafficked to lysosomal
compartments. Degradation in these sites would have prevented the drug from acting
intracellularly as desired. Overall, the decreased anti-proliferative effect upon liposomal
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encapsulation observed in vitro provides evidence of the desired alteration of the drug’s
bioavailability. If encapsulation was able to alter the in vitro distribution and availability of
the drug, it should be expected to do the same in vivo. The results from both the single and
multiple-dose tolerability studies provide strong evidence that this was the case.
The complete abolishment of UNC0642’s severe acute toxicity upon liposomal
encapsulation provides the strongest evidence of the particles effectively altering the drug’s
biodistribution and bioavailability as desired (Figure 9 and Figure 12). Though we can only
speculate as to the exact cause of the free drug’s toxicity, the strong neurological component
of the severe acute response to free drug injection, manifesting in short-term seizures,
suggests a neurotoxic element. Furthermore, past characterizations of UNC0642 have shown
moderate brain penetration upon IP injection at 5 mg/kg 117. If the side effects of free-drug
injection are largely due to off-target effects in the brain or nervous system, it is largely
expected that liposomal entrapment would reduce toxicity. It has been previously established
that DSPC/Chol or other similar lipid nanoparticles have poor biodistribution to the brain and
spinal column. Specifically, similar PC/Chol particles have shown less than 0.1% of the
injected dose reaching these compartments in timeframes ranging from 5-180 minutes to 21
hours after injection 123,124. In addition to likely preventing exposure to the brain or nervous
system, encapsulation likely affected the pharmacokinetics of UNC0642 significantly.
Following IV injection, most small molecules are effectively cleared from circulation on the
scale of minutes to hours 125. In contrast, liposomal encapsulated versions of the same
molecules often exhibit extended plasma circulation at higher overall concentrations of the
drug. Though pharmacokinetic studies would be required to confirm that this is the case with
UNC0642 and UNC0642-LNP, the pattern of increased plasma retention times in similar
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small molecule liposomal systems strongly suggests that the same holds true for this drug.
Past studies using DSPC/Chol particles of identical composition to those used here have
shown detectable levels of the liposomes 24 hours post injection and a circulation half-life of
approximately 12 hours 126. Though loading of the particles with UNC0642 could have minor
effects on plasma retention times (compared to empty particles), it is likely that the
UNC0642-LNP exhibit pharmacokinetic properties similar to those of unloaded DSPC/Chol
liposomes.
Due to this likely increase in plasma retention time of the UNC0642-LNP, there is a
concern of longitudinal drug release from the particles in circulation that could potentially
lead to a delayed toxicity response. Fortunately, there was very limited evidence of any such
long-term toxicity observed in either the single or multiple dose tolerability studies. With
respect to the single dose study (Figure 10), only mild increases in the average cumulative
score were observed at the highest dose UNC0642-LNP, with the greatest discrepancy
between the PBS control and the 20 mg/kg UNC0642-LNP treatment being a cumulative
score of 1.0. This corresponds to only a minor effect on animal health and stands in stark
contrast to the increases of 5-10 units seen in the acute toxicity response to the free drug
injections. Furthermore, no adverse effects were observed to animal body weight at the
highest UNC0642-LNP dose, again indicating a lack of longitudinal toxicity. When
considering the multiple-dose tolerability study, the potential for long-term toxicity is
increased due to a more consistent presence of the UNC0642-LNP in the bloodstream,
leading to more prolonged drug release and extended exposure of tissues to the drug. In
addition, there is the potential for incomplete clearance of the UNC0642-LNP between
injections, which could lead to steady accumulation of the particles with each consecutive
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injection. The dosing regimen (2 injections/week) was selected based on the previously
reported clearance rates of DSPC/Chol liposomes that suggest near complete clearance
within 48 hours post injection 126. However, since pharmacokinetic studies of the UNC0642LNP were not performed, there was no guarantee that they would exhibit PK parameters
identical to those previously observed. The longitudinal observations of cumulative health
scores and animal body weight from the multiple dose study (Figure 11) indicated that any
sort of long-term particle accumulation, if it occurred, had no major negative impact on
animal health. Though higher health scores were seen for certain days during the study
(Figure 11A), the largest difference between the scores of the PBS control and the highest
UNC0642-LNP dose (2.0 units) was much smaller than any of the acute clinical responses
observed. Once again, the lack of any significant negative impact on body weight (Figure
11B) also indicated a lack of toxic nanoparticle accumulation or, if accumulation did occur, a
lack of any significant negative impact on animal health. These conclusions were further
supported by the blood chemistry results (Figure 13), which showed limited signs of chronic
toxicity. The panel of liver damage relevant biomarkers measured (Figure 13A) only showed
significantly increased levels of AST in the 5 mg/kg UNC0642-LNP treatment. The fact that
there was no increase in AST in the 10 or 20 mg/kg UNC0642-LNP treatments suggests that
this effect was likely not caused by the particles, as a dose-dependent increase in the enzyme
levels would be expected if this were the case. Additionally, any increases in AST caused by
liver damage are typically associated with changes in the levels of other liver damage
markers, which was not the case for the 5.0 mg/kg treatment (ALT, ALP, and GGT
concentrations were comparable between the 5.0 mg/kg and PBS treatments) 127. This
evident lack of chronic liver damage provides support for the UNC0642-LNP particles’
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compatibility with dosing regimens that could be used in leukemia treatment. Since similar
nanoparticles have shown preferential accumulation within the liver upon IV injection, the
lack of any clear signs of liver toxicity indicate that neither accumulation of the encapsulated
UNC0642 or the lipid carrier contribute to any long-term hepatic toxicity. Similarly, the lack
of any significant changes in CK or LDH indicated a lack of skeletal muscle damage or
general tissue damage, respectively (Figure 13C) 128,129. Elevated levels of LDH can also be
induced by leukemia or other sources of anemia 130. The lack of any elevation in LDH levels
in response to any dose of UNC0642-LNP is encouraging for future experiments on
leukemic animals, in which the animals’ hematopoietic capabilities would be compromised,
making them more vulnerable to complications arising from toxicity-induced anemia. The
protein-related biomarkers measured also show limited signs of chronic toxicity (Figure
13B). The uniform decrease in total protein observed in response to all treatments could have
been indicative of kidney or liver dysfunction 131. However, the lack of a corresponding
uniform drop in albumin or globulin levels fails to provide additional evidence for these
conditions. The lack of any clear indications of liver toxicity from the liver-associated
biomarkers also makes the possibility of liver dysfunction unlikely. Kidney function
biomarkers showed little change with increasing UNC0642-LNP doses, though a small
decrease in creatinine was observed for the two highest nanoparticle treatments (Figure
13D). Though an increase in creatinine would be indicative of compromised kidney function,
a decrease is more ambiguous 132. Potential causes include muscle loss, though the lack of
significant weight loss in either of these groups indicates that, if this were the cause, such
loss was relatively minor 133. Taken together, the kidney function biomarker levels show no
indication of chronic nephrotoxicity.
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Overall, the ability of liposomal encapsulation to completely abolish the acute
toxicity of free UNC0642 while producing only minor signs of chronic toxicity was likely
due to altered drug biodistribution. Ultimately, this allowed for injection of UNC0642 at
concentrations 8-fold higher than the maximum tolerated dose of the free drug (20 mg/kg vs
2.5 mg/kg) while remaining compatible with single or multiple dose regimens. It should be
noted that the complete lack of acute response to the 20 mg/kg UNC0642-LNP and the
associated mild long-term toxicity suggests that even higher doses could be well tolerated in
healthy animals.
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Chapter 4: Conclusion and Future Directions
The work presented has effectively documented the generation, characterization, and
in vivo validation of a versatile LNP-based system for epigenetic inhibition of G9a/GLP for
future application in AML treatment. A reliable and efficient loading method has been
demonstrated for two distinct lipid compositions and will likely remain effective for other
compositions as long as they are compatible with ammonium sulfate gradient-mediated
loading. Furthermore, this is the first time a nanoparticle formulation of UNC0642 has been
reported. The in vitro characterization performed has revealed an intriguing indication of
drug precipitation that warrants further examination. To confirm the presence of precipitate,
two further experiments could be pursued. First, liposomes loaded with ascending drug:lipid
ratios could be imaged using cryo-TEM and observed for a corresponding increase in the
number and intensity of electron dense structures present in their interior. Previous work with
liposomal vincristine shows a dose-dependent darkening of the intraliposomal space along
with the amorphous, electron dense spots becoming more numerous and defined 83. If
UNC0642 is indeed precipitating in the liposomes in a manner similar to vincristine, it would
be expected to behave in a similar fashion. Such experiments could be extended through
exploration of the effect of increasing the concentration of ammonium sulfate included in the
liposome interior to see if this could enhance the particles’ drug loading capacity (effectively
increasing the maximum possible drug:lipid ratios achievable). If such increased loading
were possible, imaging of particles loaded at ratios of 0.3 or higher could allow for
visualization of more clearly defined drug precipitates. Secondly, additional release
experiments could be performed using UNC0642-LNP containing varying drug:lipid ratios
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incubated against a low concentration of ammonium chloride. Such an incubation is designed
to collapse the ammonium gradient that is involved in drug retention. Previously
characterized liposomal drug formulations showing precipitation uniformly demonstrate drug
release rates proportional to their drug:lipid ratio 83,118,119. If UNC0642-LNP showed a
similar relationship between these two values, it would lend strong support to the hypothesis
that the drug precipitates within the liposomes.
The most prominent future study direction would be to test the validated UNC0642LNP systems in animal models of AML. Such models are readily available, with C57Bl/6
mice having been successfully irradiated and inoculated with the same HoxA9/Meis1 cell
line used for the in vitro cell culture studies in this work 114. Since the UNC0642-LNP have
already been tested against these cells, this provides the ideal animal model for future
efficacy experiments. The mouse breed is also identical between the AML animal model and
the strain used in the tolerability studies performed in this work. One important consideration
is that the leukemic animals will likely be comparatively fragile relative to the healthy
animals used in the toxicity studies presented. As such, efficacy studies should be performed
at a variety of UNC0642-LNP doses in the event that 20 mg/kg falls above the maximum
tolerated dose for the diseased mice. The leukemic animals would be dosed at a range of
UNC0642-LNP concentrations along with the maximum tolerated dose of free drug to
compare efficacy. By monitoring the impact of treatment on the rate of disease progression
(monitored by leukemic blast counts from regularly collected blood samples), a clear
indication of the UNC0642-LNP’s anti-cancer efficacy could be obtained. To give a
comprehensive overview of how the particles acted in vivo, it would be prudent to perform
pharmacokinetic and biodistribution studies in healthy and, ideally, AML animals. Such
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experiments would provide in vivo drug release rates (measured by tracking plasma
drug:lipid ratio over time using radiolabeled lipid and UNC0642) and organ distribution
patterns. Of particular interest would be distribution rates to the bone marrow, the major site
of hematopoiesis from which leukemic cells originally arise. If the treatments were given at
early stages of cancer progression, the majority of the leukemic cells would likely be situated
in this compartment, making increased nanoparticle accumulation at the site ideal.
The combination of the anti-cancer efficacy, pharmacokinetic, and biodistribution data would
serve as a launching point for future experiments aiming to optimize the anti-leukemic
efficacy of the formulation. The DSPC/Chol particles tested here are one of the more
simplistic systems used for liposomal drug delivery and many modifications to lipid
composition could help maximize the particles’ potency. Circulation time could be extended
if necessary by introducing PEG-lipids to the liposome surface, a common feature of many
anti-cancer formulations as detailed in previous sections (see Section 1.1.7 Liposome
characteristics influencing drug release rates). Increased circulation time would likely elevate
the proportion of the injected dose reaching the bone marrow by decreasing MPS uptake.
Modifications to the acyl chains of the phospholipid used would help optimize rate of
release, which could be necessary to find a balance between retention preventing drug
distribution to sites of toxicity and release to diseased areas. Changing the charge of the
particles as well as the cholesterol concentration could also help optimize biodistribution.
Negatively charged liposomes with lower cholesterol content have demonstrated increased
accumulation in the bone marrow, offering another avenue for increasing accumulation in
this target site 134.
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A final direction for future studies would be expansion of the inhibitors encapsulated within
the nanoparticle systems. Other iteration in the UNC inhibitor line show similar chemical
scaffolds that would likely be amenable to pH-gradient loading due to their weak base
characteristics. This would allow for the nanoparticle formulations to remain up to date with
the latest G9a/GLP inhibitors developed.
Overall, several intriguing future directions are available for the work presented. This
study’s experiments provide the foundation for a potent anti-AML formulation that, first and
foremost, can be safely administered. The utilization of liposomal carriers for UNC0642 not
only decreases the inherent toxicity as desired but also establishes an easily modifiable
platform for therapeutic delivery that can be tailored as necessary to optimize drug release
and biodistribution. Encapsulation of an inherently toxic anti-cancer drug is a wellestablished story, with many liposomal chemotherapeutics approved by the FDA today and
more on the horizon. As such, it is not unreasonable to expect a similar path forward for
nanoparticle-encapsulated epigenetic inhibitors of AML.
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